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CRYSTALLINE AND GLASSY PHASES OF STEATITE DIELECTRICS* 


By Herspert F.G. 


ABSTRACT 


A review of the literature is cited. Dielectric and physical properties are listed for 


fifteen oxides which are included in the glass phase of a steatite body. 


Data from 


electrical measurements made at 500, 600, 1000, and 1100-ke. frequencies and at 25°, 
85°, 120°, and 150°C. are included. The results of petrographic examination are 
noted for each body. A systematic classification in terms of the periodic table indicates 
correlative characteristics with respect to valency and atomic weight. 


|. Introduction 


The name “‘steatite’’ is derived from its major con- 
stituent, steatite, or talc, and has the theoretical 
formula of 3MgO-4Si0O,H,O. Steatite bodies may 
contain 60% or more of this material' in the raw mix 
with various other additions. To produce a vitreous 
steatite body in the region of cones 9 to 14, materials 
must be included that will form a glassy phase. Thur- 
nauer* has attributed the superior electrical properties 
in part to this glassy phase, which is smaller in magni- 
tude in steatite than in electrical porcelains. 

It was the purpose of this study to investigate the 
effect of some cations of various valences and atomic 
weights in the glassy phase of a steatite body on the 
final dielectric properties. 


(1) Review of Literature 

Biissem, Shusterius, and Stuckhardt* showed the 
presence of glass in a steatite body by adding UQ,. 
This material disseminates in the presence of glass and 
gives a fluorescence, which is not apparent, however, 
when no glass is formed. These authors estimated 
that 23% of glass was present in a steatite body made 
from talc 82, kaolin 14, and calcite 4% and heated 
four hours at 1360°C. 


* Received November 8, 1943. 

This investigation was carried out under an Edward 
Orton, Jr., Ceramic Foundation Fellowship at the Depart- 
ment of Ceramics, Rutgers University, New Brunswick, 
N. J. 

1M. D. Rigterink, ‘Improved Ceramic Dielectric Ma- 
terials,”’ Rev. Sci. Instruments, 12 [11] 528 (1941). 

? Hans Thurnauer, ““Review of Ceramic Materials for 
High-Frequency Insulation,”’ Jour. Amer. Ceram. Soc., 20 
[11] 368-72 (1937). 

’'W. Biissem, Carl Schusterius, and Karl Stuckhardt, 
“Constitution of Steatite: II, Glass Phase,’’ Wiss. Verdf- 
fent. Siemens-Werken, 17 [1] 77-89 (1938); Ceram. Abs., 
18 [4] 110 (1939). 
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Alkali metals are known to have a detrimental etiect 
on the dielectric properties of a body. Rigterink' 
says, “The alkalis are conceded to be particularly 
detrimental while the alkaline earth oxides appear to 
be especially beneficial." Thurnauer* states that it 
is possible to obtain dense steatite bodies without feld- 
spar which have electrical properties approaching 
those of quartz glass. 

Bleininger and Riddle* have pointed out the in- 
jurious effects of feldspar on the dielectric properties 
of electrical porcelain. 

The mobility of ions in the glassy phase is very low 
at room temperature, but it increases as the tempera- 
ture is raised. Morgan® states, ““The conductivity, 
and hence the dielectric loss, of all glasses increases 
with temperature. He also says, ‘A doubly charged 
alkaline earth ion requires a greater activation energy 
for it to change its position, and it is necessary to go to 
higher temperatures than those for alkali ions to obtain 
the same conductivity, or at a given temperature its 
conductivity is lower.” 

Keller,* in working with glass, found that replacing 
SiO, with CaO, BaO, or PbO decreased the losses 
considerably. Magnesia glasses also showed smaller 
losses than ZnO glasses. Alumina (Al,0;) substituted 
for SiO,, however, showed an increase in dielectric 
loss, and the use of ferric oxide (Fe,O3) decreased losses 
in small amounts but increased them in larger amounts. 
He found also that the dielectric losses for several MgO 
glasses increased with increasing frequency. 


*A. V. Bleininger and F. H. Riddle, “Special Spark- 
Plug ee: Jour. Amer. Ceram. Soc., 2 [7] 564-75 
(1919). 

5S. O. Morgan, “Dielectric Behavior of Some Ceramic 
Materials,"’ Ceram. Age, 39 (3) 70-73, 92 (1942). 

* F. Keller, “Dielectric Losses of Glasses of Different 
Composition,”” Z. tech. Physik, 14 [3] 128-31 (1933); 
Ceram. Abs., 12 [6] 218 (1933). 
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Hopkinson’ found that the dielectric constant of a 
glass varies with its density (equation (1)). 


K/s = 2.2 (approx.) (1) 


K = dielectric constant. 

s = density. 

The addition of materials that will increase the den- 
sity of the glassy phase in steatite might thus be ex- 
pected to raise the dielectric constant. 

Schott* concluded that heavy metals in glass, such 
as lead and barium, give low power factors and high 
dielectric constants and that high alkali gives high 
power factors. 

Berenz and Gingold® designed a magnesium-alu- 
minum-silicate insulator body and used a heavy metal 
oxide such as Fe,O; for a flux. 


(2) Electrical Properties 

The electrical properties of most interest in steatite 
dielectrics are the dielectric constant and the power 
and loss factors. 

(A) Dielectric Constant: The capacitance, a con- 
stant, may be obtained by the relation shown in equa- 
tion (2). 

Q=cV (2) 


= charge on conductor. 

’ = difference in potential between this conductor and 
other conductors in electrostatic field of charge. 

C = capacitance 


The value of C depends largely on the composition 
of the material placed between the conductors. 

The system of conductors separated by a dielectric 
material (insulator) constitutes a condenser. The 
dielectric constant, K, is defined as the ratio between 
the capacitance of a condenser filled with the material 
in question and the capacitance when the same con- 
denser isempty. The steatite ceramics are not used 
as capacitor dielectrics but rather as supporting insu- 
lators in high-frequency fields in which low electri- 
cal losses are important. Steatite bodies generally 
possess dielectric constants ranging from 5 to 8. 

(B) Fower Factor: The power factor of a dielectric 
is a measure of the energy loss in an alternating field. 
In a perfect insulator, the current and voltage are 
thrown completely out of phase and are said to have 
a phase angle of 90°. Commercial insulators are not 
quite this efficient, and the phase angle varies from 90° 
by a small angular difference (see equation (3)). 

90° — 56 = 6 (3) 

6 = phase angle. 

5 = loss angle. 

The sine of the loss angle 5 is the ‘‘power factor” 
and must be low for high-voltage and high-frequency 
insulation. 


7 J. Hopkinson, ‘‘Electrostatic Capacity of Glass,”’ Phil. 
Trans., 169 17-23 (1878). 

8 E. Schott, “High-Frequency Losses in Glasses and 
Other Dielectrics,’”’ Jahrb. d. Tele., 18, 82-122 (1921); 
Ceram. Abs., 1 [4] 115 (1922). 

*H. Berenz and J. Gingold (Steatit-Magnesia A.-G.), 
Insulator, Ger. Pat. 611,854, April 8, 1935. 
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(C) Q Factor: The factor, Q, is often used as a 
“figure of merit’’’® for a given dielectric body. It is 
defined as the ratio of reactance to resistance of a 
condenser (equation (4)). 


Q = '/yfCR (4) 

f = frequency. 

C = capacitance. 

R = resistance. 

The reciprocal of the power factor for steatite bodies 
may be considered te be equal to Q. This factor is 
employed in calculations involving data taken with 
the Q meter, which is described in section II (5). 

(D) Loss Factor: The loss factor of an insulating 
body is the product of its dielectric constant and the 
tangent of its loss angle (equation (5)). 


DLF = K tan 6 (5) 


DLF = loss factor. 
K = dielectric constant. 
6 = loss angle. 


For small angles (approx. 5 degrees or less), sin é 
(the power factor) may be used in place of tan 8 in 
ordinary calculations, but for larger angles these 
functions diverge and the substitution may not be 
employed. For steatite bodies, the loss factor may 
be calculated by multiplying the dielectric constant 
by the power factor expressed as a percentage. 

Equation (5) shows that both «< and 4 are important 
in the dielectric losses of insulating materials and that 
the lowest loss bodies have low values for both these 
quantities. 


ll. Experimental Procedure 
(1) Method of Attack 


Fifteen vitreous steatite bodies were prepared from 
talc fluxed with various powdered glasses. These 
glasses varied slightly in composition and were so 
compounded as to remain completely glassy over a 
period of slow cooling. It is assumed that the glasses 
(which are similar in composition) will react with the 
tale during firing approximately to the same degree. 
Vitrification was checked by a vacuum method; 
petrographic examinations of the samples were made; 
and electrical data of dielectric constant, power factor, 
and loss factor were determined at various frequen- 


cies and temperatures. 


(2) Preparation of Glasses 

Fifteen glasses were prepared on an atomic substitu- 
tion basis. The oxide empirical formulas are given 
in Table I. The glasses were not essentially com- 
pounded on an oxide equivalent basis but rather on an 
atomic equivalent basis so that the effects of equal 
numbers of different atoms (or ions) may be com- 
pared (also in Table I). 

The essential difference in the composition of the 
glasses, therefore, was an exchange of K ions for 
various other ions of varying valences and atomic 


” Boonton Radio Corp., Instructions and Manual of 
Radio Frequency Measurements, Boonton, N. J., 1936. 
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weights. The oxygen ratio for these glasses was a 
dependent variable and was slightly different for each 
glass. The potassium was necessary in all glasses to 
produce a series of which no member would crystallize 
on slow cooling. A previous attempt to produce a 
series of glasses with no cation othef than the one 
being substituted resulted in failure because of de- 
vitrification and the presence of immiscible liquid 
layers. Borosilicates and boroaluminosilicates were 
among those tried. The presence of potassium may 
be expected to impart rather poor dielectric properties 
to all of the bodies, and for this and other reasons the 
test bodies are not to be considered as commercial- 
type materials. A comparison of the dielectric trends 
in these bodies, however, may yield information of a 
more fundamental nature, which may be useful in 
compounding commercial insulators. 

The potassium was added as reagent quality K,COs, 
and the silica was introduced as flint. The various 
cation substitutions were added chiefly as ceramic- 
grade oxides or carbonates, and vanadium was added as 
ammonium metavanadate. 

The glasses were melted in 300-gm. batches in fire- 
clay crucibles at approximately 1500°C. and were 
quenched by pouring the melts on a steel plate. A 
clear glass resulted from each melt. (Because the 
hot melts dissolved in water, wet-quenching could not 
be employed.) The large pieces of glass were broken 
to 20-mesh size in a diamond steel mortar, and a mag- 
net was passed through the powder to remove steel 
chips. Grinding then proceeded in a ball mill until 
less than 1% of the glass remained on a 325-mesh 
sieve. 

TABLE I 
EMPIRICAL FORMULAS OF GLASSES 


Glass Oxide equivalent basis Atomic equivalent basis 


K 0.333K,0-1.14Si0, 0.666K -1.14Si 


Ca 0.283K,0-0.100Ca0-1.14Si0, 0.566K -0.100Ca-1.14Si 

Fe 0.050Fe,O; a Fe 

B 0.050B,0; 5% 

Mg 0.100MgO “Mg 

Na 0.050Na,0 “ Na 


(3) Preparation of Bodies 

Bodies were prepared by mixing the test glasses 
with Manchurian talc of the following chemical analy- 
sis: 


(%) 
SiO, 61.20 
MgO 30.35 
Iron oxide + Al,O; 1.40 
Oo 0.85 
Loss 3.30 
97.10 


The optimum value for potassium glass was found 


(1944) 


to be 25% of glass by weight. Because the substitu- 
tion of the various materials for K,O in the glass 
changed the ‘molecular weight’”’ (sum of the atomic 
weights of the constituents) of the glass, appropriate 
weight corrections were necessary io maintain the same 
number of cations in the glass addition. 

The bodies were compounded in the following man- 
ner: M (25) gm. of the powdered glass were added to 
75 gm. of Manchurian talc (M is the correction factor). 
The same symbol designations were used for the bodies 
as for the glasses. 

The glass and the talc, with 2 gm. of medium-grade 
polyvinyl alcohol added as a binder, were mixed 
thoroughly by rotating them 6000 times in a small ball 
mill. The dry powder was dampened by adding 8% 
of water, and it was disseminated thoroughly by screen- 
ing several times through a 20-mesh sieve. The damp 
powder was pressed into disk samples, 2 in. in diameter 
and approximately 100 mils thick, under a pressure of 
6320 Ib. per sq. in. 

All of the samples were dried and fired to vitrifica- 
tion, and the bodies matured at 1260° to 1285°C. in 
about nine hours. The furnace was a muffle type with 
atmospheric gas burners. The samples were placed 
on silicon carbide slabs with a covering of Ottawa sand. 


(4) Absorption Measurements 

The samples were tested for absorption by a vacuum 
method, essentially method E described by Macey and 
Clews." A bell jar was evacuated by a pump, and 
this vacuum was maintained for approximately 20 
minutes. The stopcock on the funnel was opened to 
allow the water to flood the samples, the vacuum was 
released after a time, and the samples were allowed 
to remain immersed for at least 30 minutes. They were 
then removed from the water, rubbed with a damp 
cloth, and reweighed, the gain in weight allowing the 
percentage absorption to be calculated in the usual 
manner. 

This method has several advantages over atmospheric 
boiling, namely, (1) it eliminates the possibility of 
crystalline inversions in boiling'’* (this phenomenon 
may lead to an apparent increase in absorption), and 
(2) it removes nearly all of the air from the pores be- 
fore the impingement of the water; in boiling, the air 
in the pores is merely expanded and a considerable por- 
tion of it may remain on cooling. A truer value there- 
fore may be expected from the vacuum method. 


(5) Electrical Testing 

The dielectric disks were prepared for electrical 
testing by the application of fired-on silver electrode 
surfaces. With the aid of a template, Reusche silver 
paste was painted on the flat surfaces. The metal- 
lized areas were kept back from the edge of the sample 
to minimize edge effects. The samples were heated to 


11H. H. Macey and F. H. Clews, “‘Measurement of 
Apparent Porosity,” Bull. Brit. Refrac. Research Assn., 
No. 45 (May, 1938); reprinted in Trans. Brit. Ceram. Soc., 
29 [9] 279-88 (1940); Ceram. Abs., 20 [2] 57 (1941). 

12 Hans Thurnauer and A. R. Rodriguez, ‘Notes on 
Constitution of Steatite,”” Jour. Amer. Ceram. Soc., 25 
[November 1, No. 15] 443-50 (1942). 
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750°C. and later burnished with a glass-fiber brush to 
brighten the surfaces. 

The samples were tested in a 100-A Q meter,* a 
commercial instrument used to determine dielectric 
losses of insulating materials at varying frequencies 
which has been described by Thurnauer and Badger."* 

The method consists of forming a condenser with 
the material to be tested as the dielectric. The circuit 
of the Q meter is resonated with the test condenser 
empty and filled with the meter settings recorded. 

The power factor may be determined from equations 
(6) and (7) after the capacitance of the condenser has 
been measured.'° 


= (Ci — G)Q102/Ci(Qi — Q2) (6) 


C; = capacitance of circuit at resonance (sample not con- 
nected). 

Q = Q of circuit at resonance (sample not connected). 
2 = capacitance of circuit (sample connected). 

Q: = Q of circuit (sample connected). 


Power factor (%) = 100/Q, (7) 


The dielectric constant of the sample may be cal- 
culated from equation (8) 
K = 4.45Ct/s (8) 
K = dielectric constant. 
C = capacitance (yuf.). 
t = average sample thickness (in.). 
s = electrode area (sq. in.). 


The thickness of the samples was determined with 
a micrometer, and average thickness was considered to 
be a mean of five values on each sample. 


Sample calculations (data from Q meter) 
Frequency = 500 kc. 
C, = 391.2 1 = 176 
= 368.8 = 170 
Q. = (22.4)(176)(170)/(391.2)(6) = 285.5 
Power factor (%) = 100/285.5 = 0.35% 
t = 0.100 in. 
s = 1.94 sq. in. 
K = 4.45(22.4)(0.100)/1.94 = 5.14. 
DLF = K(%PF) = 5.14(0.35) = 1.80. 


The measurements were made at frequencies of 500, 
1000, and 1100 ke. and at temperatures of 25°, 85°, 
120°, and 150°C. at each frequency. 

A furnace (see Fig. 1) was constructed for the 
measurement of the electrical properties at elevated 
temperatures because the field in a conventional elec- 
tric furnace with a ceramic tube (a result of the furnace 
windings) induced currents in the leads and gave faulty 
values. The special furnace had a cast-iron tube with 
a bore of 2.5 in.; a small lead was welded to one edge 
of the tube and grounded; and the outside of the tube 
was covered with a ground-coat enamel and wound with 
Chromel-A wire. The furnace tube itself therefore 
acted as an electrostatic shield for the sample and leads. 
To expedite measurements, the entire tube was sur- 
rounded by removable insulation, and cooling was 
hastened by the use of a fan. 

The sample was held in place by two spring steel 


* Boonton Radio Corp., Boonton, N. J. 

1? Hans Thurnauer and A. E. Badger, ‘Dielectric Loss 
of Glass at High Frequencies,’ Jour. Amer. Ceram. Soc., 
23 [1] 9-12 (1940). 
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wire leads mounted in the cover and terminating in ball 
contacts of coin silver. Vitreous silica tubes were used 
to hold the leads in order to minimize losses from this 
quarter. The leads from the heating chamber to the 
Q meter were short, heavy, and completely shielded. 


(6) Petrographic Examination 

Thin sections were made of all bodies. The ordi- 
nary petrographic microscope appeared unable to en- 
large and resolve the very fine crystals in the bodies 
enough to determine specific optical properties, but 
the texture, presence of crystals of different bire- 
fringence, and general appearance of the bodies could 
be noted. The presence of devitrification crystals that 
involved the variable cation in the original glass was 
sought. 


lll. Results 

The absorption determinations showed that all of 
the test bodies except bodies B and U had less than 
0.1% water absorption. Bodies B and U had 0.4% 
and 0.5% water absorption, respectively. Bodies 
could not be obtained with less than 0.1% of water 
absorption without blistering. Because the electrical 
tests were performed with dry samples, the small 
amounts of porosity should incur relatively small 
errors. 

The results of the electrical tests are shown in Table 
II. Values represent averages of three determinations. 
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TaB_e II 
EvectricaL Data at 500, 1000, AND 1100 KrLocycLes AND AT VARYING TEMPERATURES (°C.) 
At 500 ke. At 1000 ke. At 1100 ke. 
Body 25° 85° 120° 150° 25° 85° 120° 25° 85° 120° 150° 
i Power factor (%) 
K 0.75 0.938 1.22 1.55 0.63 0.64 0.97 1.40 0.59 1.02 1.33 
Li 0.49 0.35 0.77 1.00 0.47 0.41 0.60 0.83 0.45 0.49 0.68 0.86 
Bi 0.48 0.53 1.00 1.03 0.49 0.47 0.60 0.8 0.41 0.42 0.62 0.79 
Vv 1.08 1.38 1.97 0.75 0.73 1.04 1.51 0.80 1.13 1.49 
B 0.69 0.55 0.70 1.14 0.51 0.51 0.65 0.92 0.58 0.64 0.86 
U 1.40 1.39 1.85 2.36 1.06 0.70 1.28 1.77 1.05 1.07 
Ba 0.36 0.40 0.65 0.92 0.41 0.40 0.53 0.68 0.42 0.49 0.63 
Ca 0.60 0.60 0.71 1.05 0.59 O.61 O.88 1.01 0.57 0.57 0.79 0.92 
Pb 0.25 0.30 0.41 0.35 0.385 0.37 0.45 0.37 0.39 0.45 
Sr 0.48 0.43 O.60 0.95 0.44 0.38 0.52 0.78 0.43 0.50 0.69 
Fe 0.53 0.88 0.86 1.76 0.56 0.54 0.75 0.8 0.57 0.71 1.17 
Na 0.64 0.68 0.72 1.03 0.69 0.77 O.91 1.12 0.59 0.60 1.01 
Mg 0.438 0.45 0.70 1.35 " 0.54 0.61 0.70 0.97 0.57 0.66 0.93 
Ti 0.58 0.74 1.01 0.53 0.53 0.54 0.97 0.56 0.89 
Zn 0.48 0.88 1.25 0.52 0.73 0.90 0.53 0.65 0.99 
Dielectric constant 
K 5.90 6.20 6.44 6.66 5.90 6.47 6.47 6.50 5.86 6.28 6.50 6.36 
Li 6.26 6.54 6.68 6.68 6.18 6.63 6.71 6.71 6.15 6.29 6.32 6.32 
Bi 5.96 6.60 6.75 6.73 6.14 6.67 6.70 6.73 6.11 6.73 6.65 6.65 
V 5.95 6.35 6.49 6.60 5.90 6.41 6.46 6.49 5.87 6.21 6.29 6.49 
B 5.85 5.85 6.02 6.10 5.75 5.79 5.90 65.94 5.75 5.93 6.06 6.12 
U 5.82 5.8 5.93 5.95 5.79 6.01 6.10 6.12 5.74 5.90 5.95 6.12 
Ba 6.438 6.81 7.09 7.17 6.31 6.89 6.94 7.06 6.40 6.69 6.71 6.86 
Ca 5.55 5.79 5.98 6.02 5.53 5.58 5.67 6.01 5.42 5.50 5.75 6.00 
Pb 6.40 6.44 6.61 6.69 6.48 6.74 6.80 6.86 6.43 6.57 6.69 6.80 
Sr 6.49 6.66 6.95 7.04 6.63 6.74 6.89 6.95 6.60 6.75 6.89 6.86 
Fe 5.95 6.09 6.11 6.23 6.06 6.36 6.43 6.46 5.95 6.18 6.35 6.44 
Na 5.81 6.43 6.58 6.64 5.75 6.40 6.46 6.40 5.60 6.25 6.22 6.36 
Mg 5.86 6.10 6.28 6.28 5.96 6.41 6.53 6.59 5.93 6.23 6.36 6.53 
Ti 5.55 5.69 5.75 5.80 5.57 6.04 6.04 6.09 5.52 5.86 5.95 6.00 
Zn 6.13 6.14 6.20 6.37 6.10 6.35 6.43 6.54 6.02 6.21 6.35 6.48 
Dielectric loss factor 

K 4.57 5.76 7.85 10.3 3.72 4.14 6.28 9.10 3.46 6.63 8.46 
Li 3.07 2.29 5.15 6.68 2.909 2.72 4.03 5.57 2.76 3.08 4.30 5.44 
Bi 2.86 3.46 6.75 6.93 3.02 3.14 4.02 5.59 2.50 2.82 4.13 5.25 
Vv 6.43 8.95 13.0 4.43 4.68 6.72 9.79 4.70 7.10 9.66 
B 4.04 3.22 4.22 6.95 2.94 2.96 3.84 5.46 3.34 3.88 5.26 
U 8.15 8.09 11.0 14.1 6.14 4.21 7.81 10.8 6.02 6.55 
Ba 2.32 2.74 4.61 6.60 2.59 2.76 3.68 4.80 2.69 3.29 4.32 
Ca 3.33 3.48 4.25 6.32 3.26 3.40 4.71 6.06 3.09 3.14 4.55 5.5 
Pb 1.60 1.98 2.74 2.27 23.36 2.52 3.09 2.38 2.61 3.06 
Sr 3.12 2.86 4.17 6.69 2.92 2.56 3.58 5.42 2.84 3.44 4.74 
Fe 3.16 3.22 5.25 11.0 3.40 3.44 4.82 5.36 3.40 4.51 7.52 
Na 3.72 4.37 4.74 6.84 3.96 4.93 5.88 7.16 3.30 3.73 6.48 
Mg 2.562 2.74 4.39 8.47 3.22 3.92 4.56 6.39 3.38 4.20 6.06 
Ti 3.22 4.25 5.85 3.01 3.20 3.26 5.90 3.10 5.34 
Zn 2.94 5.54 7.96 3.17 4.69 5.88 3.19 4.13 6.41 


IV. Discussion of Results 
(1) Electrical Data 

The discussion of the electrical data is based on 
the velative effects of changing the variable cations at 
each of the three test frequencies. 

(A) At 500 Kilocycles: At 25°C., bodies K, U, V, 
i, and Na show high power factors. That the alkalis 
should show poor dielectric properties is to be expected 
in view of their weak bondings and iow activation 
energies. Vanadium and uranium show higher atomic 
weights and higher valences than the alkalis and yet 
exhibit very poor dielectric properties. These ma- 
terials also impart to the test bodies moderate di- 
electric constants resulting in rather high loss factors. 
Boron, a light acid-forming element of valence plus 
three, also gives a high power factor. Among the 
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elements that are electrically detrimental when added 
in atomic equivalents are those of low valence and low 
atomic weight, for example, Na; low valence and 
higher atomic weight, K; higher valence and low ato- 
mic weight, B; and both atomic weight and valence 
high, U. For this reason, atomic weight and valence 
cannot be considered as the only factors involved in 
predicting the specific effects accompanying the use of 
a particular element. Certain groups of elements, 
however, seem to follow very closely. 

Among the elements imparting the lowest power 
factors are Pb, Ba, Mg, Zn, and Bi. These materials 
are preponderately of the divalent alkaline earth type. 
Of the first four, the best are Pb and Ba, and these have 
the heaviest atomic weight; Pb, Ba, and Sr also 
impart high dielectric constants. 
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The general effect of temperature increase is to 
raise both the power factors and the dielectric con- 
stants of the bodies and thereby the loss factors. The 
rates of increase of these quantities vary irregularly 
and seem to depend on the specific materials being 
added. At a temperature of 150° and 500 kc., the 
elements K, U, V, and Fe show the highest loss factors; 
Pb shows a very low figure under these conditions. 

(B) At 1000 Kilocycles: At 25°C., K, V, U, and Na 
again show the highest power factors. With the ex- 
ception of Na, the power factors of these four were 
lowered by the increase in frequency. The figure for 
Na is close and may not be true because it is consider- 
ably lowered at the higher frequency of 1100 ke. 

The lowest power factors at room temperature are 
again shown by Ba, Sr, and Pb, and they show also the 
highest dielectric constants. Lead and barium give 
slight increases in power factors with increase in fre- 
quency, whereas strontium acts slightly in the reverse 
direction. Irregular increases of the power factor with 
increase in temperature again are noted. 

At elevated temperatures (150°) the elements K, 
U, V, and Na show the highest Ccielectric loss factors. 
These are the same elements which show high power 
factors at lower temperatures. 

(C) At 1100 Kilocycles: At 25°C., bodies K, V, 
B, U, and Na show the highest power factors although 
a general slight lowering of these values is noted on 
raising the frequency from 1000 to 1100 ke. 

The lowest power factors are shown by Pb, Sr, Ba, 
and Bi under these conditions. The effect of the 
increase of frequency is indefinite and caused the 
power factors of Pb and Ba to rise slightly whereas those 
of Sr and Bi decreased somewhat. 

The general effect of the increase in frequency on the 
dielectric constant is a lowering throughout the range 
tested. This decrease is subject to few exceptions at 
room temperature, but it is more irregular at elevated 
temperatures. 

Irregular rates of increase of both the dielectric 
constant and power factor with rising temperature may 
be noted; the dielectric loss factors of all bodies also 
increase with increase in temperature, generally in an 
irregular manner. 


(2) Systematic Classification by Periodi Table 


To define elemental groupings showing systematic 
variation with change in atomic weight and valence 
the dielectric properties may be classified according 
to the groups of the periodic table. By working across 
these groups, a continuous variation in valency may 
be obtained with only a small corresponding variation 
in atomic weight. 

A constant valency is maintained by tracing a 
particular group, but the atomic weight progressively 
changes. 

(A) Change in Valency: The first of these groups, 
that is, a change in valency, may be represented by 
several examples. The bodies Na and Mg may be 
considered first. The power factor of Mg is lower 
at all frequencies than that of Na at room temperature, 
and this is generally true at elevated temperatures. 


Veltz 


The dielectric constant of Mg is also higher at room 
temperature, but it does not seem to change quite so 
much as Na with increasing temperature. 

A second example is the series K-Ca-Ti-V. The 
data on this group show the end members to have high 
power factors and the center members, lower figures. 

Body V was a pale, yellowish green, which pre- 
sumably showed that both vanadic and vanadous ions 
were present. The electrical effects observed, there 
fore, cannot be ascribed alone to the vanadic form, 
which is also true of elements Bi, U, Pb, Fe, and Ti. 
The exact degree of oxidation of these ions is not 
known, and most of them are present probably as a 
mixture of ions in different valency states. 

The dielectric constants of the four bodies have the 
same trend as the power factors and are higher for the 
end members. 

A third example is furnished by bodies Pb and Bi 
wherein the power factor of the lead-containing body 
is lower under all test conditions; at room temperature, 
the dielectric constant of Pb is higher at all frequen 
cies. 

From the foregoing examples, the alkaline earth 
group in general shows properties superior in di 
electric loss values to those imparted by most other 
materials. 

(B) Change in Atomic Weight: 
change in atomic weight throughout a group of con 
stant valence. The first example is the series contain- 
ing alkali additions. Body Li shows a lower power 
factor than either Na or K, which are both relatively 
high. Potassium generally shows a slightly higher 
power factor than Na although there are many excep 
tions. The dielectric constant is highest at all fre 
quencies for Li and lowest for Na at room temperature. 
The dielectric loss factor of K is erratically the highest 
and for Li, the lowest of the three. 

Members of the divalent group, 
impart good dielectric properties, show a gradual im 
provement as the heavier ions are added; Mg con 
stitutes an exception as shown by the following chart: 


The second case is a 


which usually 


Power factor (%) at 25°C 

500 ke. 1000 ke 1100 ke 
Mg 0.43 0.54 0.57 
Ca .60 59 57 
Zn .48 .§2 53 
Sr .48 .44 43 
Ba 36 .42 
Pb 20 35 37 


At frequencies of 500 and 1000 ke., the magnesian 
body is the only exception, showing a better power 
factor than that expected. At 1100 ke., the series is 
continuous. This chart shows the variations 
which result from changing the frequency. Some of 
the bodies possess definite upward trends, whereas 
others show a reverse behavior. 

A third example of changing atomic weight is series 
B-Fe-Bi. At 500 ke. and at room temperature, the 
power factor of B is highest with that of Fe inter 
mediate and Bi lowest. This relation is also true at 
1100 ke. The power factor would therefore generally 
tend to decrease with increasing atomic weight. At 


also 
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25° and at all frequencies, the dielectric constant in 


creases with increasing atomic weight. 


(3) Petrographic Examination 

The petrographic examination showed that the ap- 
pearance of the bodies in thin section is almost iden- 
tical. The crystals of magnesium metasilicate were 
very fine, estimated to be 0.01 mm. long or less. These 
crystals were blocky and prismatic with pointed ends 
and possessed a whitish birefringence. They were 
surrounded by faint rims or ‘‘envelopes,’’ which were 
dark under crossed Nicols and were, presumably, the 
glass. 

No anomalous crystalline material could be seen 
in the bodies, and it is assumed that the glasses which 
were added as fluxing materials remained glassy and 
were altered only by solution of some of the talcous 
material. 

Some sealed pores were noted in all bodies. Thin 
sections were also made of several commercial steatite 
bodies, and such pores were noted there also. 


V. General Conclusions 

(1) No general relation appears to exist between the 
dielectric losses and the chemical properties of valence 
and atomic weight of all the elements tested in the 
glassy phase of a steatite dielectric body when they are 
compared on an atomic equivalent basis. 

(2) Within groups of elements, such relations may 
exist as follows: (a) the alkalis show high dielectric 
losses, which increase with increasing atomic weight; 
(6b) divalent elements give low dielectric losses, which 
are further lowered by increasing atomic weight; the 
heavier ions also lead to higher dielectric constants; 
(c) trivalent elements generally give moderate power 
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factors and dielectric constants, and ‘with increasing 
atomic weight, the power factor lowers and the di- 
electric constant rises; and (d) elements of higher 
valence and atomic weight have varied effects on the 
dielectric properties. 

(3) With increasing frequencies, the power factor 
generally decreases, but some elements prove an ex- 
ception to this conclusion. 

(4) At all frequencies, an increase in the tempera- 
ture also increases both power factor and dielectric 
constant and, therefore, the dielectric loss factor. The 
rate of deterioration of dielectric properties with in- 
creasing temperature varies and depends on the spe 
cific material being added. 
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QUANTITATIVE DETERMINATION OF THE GLASSY PHASE 
IN A CERAMIC BODY* 


By ARNOLD G. JOHNSON AND DONALD B. UNDERHILL 


ABSTRACT 


A study was made of the amount of glassy bond present in a typical whiteware body 


after various heat-treatments. 


Petrographic methods, with polished sections and pow- 


der mounts, were used for these determinations. 
The results obtained by both methods and by independent observers agreed very well. 
With the higher firing temperatures, the amount of glass increased and the number of 


crystals decreased. 


Pore space diminished as the temperature was raised to the matur 


ing temperature; above that point the pore volume increased. 


Introduction 

This work was undertaken to determine a suitable 
method for the quantitative determination of glass in a 
ceramic body. 

Glass is a common constituent of many ceramic 
bodies, such as whiteware, pottery, brick, and re- 
fractories. The lower-melting constituents form liq- 
uids at fairly low temperatures and _ progressively 
dissolve the more refractory materials. This liquid 
collects in the spaces between the less soluble particles 
and welds them together with a bond of glass as the 
body cools. The amount and composition of the glass 
formed depend on the composition of the body, the 
temperature used in firing, and the heat-treatment 
given. 

The amount of glass in a ceramic body is important 
in determining the properties of that body in use. In 
a whiteware body, the glass is formed from the melting 
of feldspar and the subsequent solution of clay and 
quartz into it (as discussed by Parmelee and Amberg’). 

All crystal systems except one, the isometric, show 
anisotropism in polarized light. Glass appears as iso- 
tropic material in polarized light. Because isometric 
minerals are not encountered in the more common 
ceramic bodies, the crystalline material may be dis- 
tinguished from the glassy substance by petrographic 
methods. 


ll. Experimental Procedure 

A typical whiteware body of cone 12 maturity was 
chosen for study. The batch was weighed, blunged 
with water for three hours, and poured into plaster 
molds to bring it to a plastic condition. The per- 
centage batch composition was Kentucky ball clay 15, 
English china clay 40, Buckingham feldspar 25, and 
flint 20. 

The bars were formed in a Mueller roll-type ex- 
trusion machine and dried for five days at 110°F. 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 20, 
1943 (White Wares Division). Received August 23, 1943. 

The material in this paper is based on a thesis submitted 
by the authors in partial fulfillment of the requirements for 
the degree of Bachelor of Science in Glass Technology, New 
York State College of Ceramics, Alfred University, Alfred, 
N. Y., May 12, 1942. 

1C. W. Parmelee and C. R. Amberg, ‘Solubility of 
Quartz and Clay in Feldspar,’’ Jour. Amer. Ceram. Soc., 12 
{11 ] 699-710 (1929). 
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before firing in a downdraft kiln in three separate runs. 
One series each at cones 10, 12, and 14 was run. The 
kiln in each run was heated rapidly to 500°C., and a 
heating rate of 30°C. per hour was used. When the 
peak temperature was reached, the fire was shut off 
and the kiln was allowed to cool normally. By using 
a similar schedule for each series as well as the same 
firing conditions and the same body, the peak tem- 
perature was the only variable in these three series. 

Thin sections were prepared using Canada balsam 
and were exam‘ned under the microscope with a 
Wentworth integrating stage. Sections as thin as 
the smallest grain of the body components could not 
be prepared because overlapping frequently made 
identification of glassy zones impossible and led to 
serious errors in the measured ratio of quartz to glass. 
This method of examination was therefore abandoned. 

Polished sections from each series were prepared for 
examination under the microscope. In the first 
sections that were examined, great difficulty was en 
countered in distinguishing the boundaries of the pore 
spaces. The polishing rouge became imbedded in 
the pores and caused the outline to be indistinct. 
After the final grinding and before any rouge had 
been used, the section was washed and dried thor- 
oughly to remove all grinding emery from the pores. 
The section was then cooked in Canada balsam until 
the balsam, by tests, was rigid at room temperature. 
This procedure plugged the pores satisfactorily. After 
the section had been finished to a high polish with 
optical rouge, the pores, which were filled with balsam, 
showed up under the microscope as bright golden areas 
that were easily distinguished from the rest of the 
surface. 

An etch was found necessary to distinguish the glass 
from crystals, and hydrofluoric acid was tried after 
the probable constituents in the body had been studied. 
A one-minute etch with a 5% solution of hydrofluoric 
acid was found to give good results. 

Because the etch left all of the field one color making 
it difficult to see the smallest crystals, methyl violet 
was used to provide a differential staining of the field. 
The glassy areas were stained and the crystals were 
not. The amount of each material was measured 
with the Wentworth stage using vertical illumination. 

Pieces of the bars were cruslied to 100-mesh size and 
were examined by transmitted light. The 100-mesh 
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particles were too large for effective study because in 
many cases crystals were imbedded in the isotropic 
material. In particles of 200-mesh size, the two 
materials were almost completely separated and even 
when they were not the particles were small enough 
that the boundary between crystal and isotropic material 
could be seen easily. Because material finer than 200- 
mesh proved to be no better to work on, the work 
was carried out at this mesh size. The measurements 
were made with the Wentworth stage and trans- 
mitted light. 

Two kinds of material were distinguished, namely, 
anisotropic and isotropic. Quartz was the only 
crystalline material found. If any mullite had formed 
it was in such a fine state as to be cryptocrystalline. 
All of the feldspar had melted. 


lll. Results 


One section from each of four bars was used in the 
examination of polished sections for each series. The 
amount of each material was determined by making 
three travels across each section. With the higher 
firing temperature, the amount of glass increased, 
the size and amount of crystals decreased, and the pore 
space decreased to maturity and then began to increase. 

In the study of powder mounts, one section from 
each of three bars from each series was used for exami- 
nation. Three travels were made across each mount 
The higher-temperature series showed an increase in 
the amount of glass and a decrease in the amount of 
crystalline material. Table I shows the variation of 
each constituent as the temperature increased. 


A comparison of the results obtained by independent 
observers showed that the results are reproducible. 

The results which appear in Table I were obtained 
by averaging the totals of each group. This proce- 
dure was used so that errors resulting from disuni- 
formity of the bars would be reduced. 


TABLE I 
RESULTS OF POLISHED SECTIONS AND 
POWDER Mounts 
Polished section 


COMPARISON OF 


Cone Glass Crystals Pores 
No. (%) (%) (%) 
10 66.6 10.8 22.5 
i2 78.9 9.6 11.5 
14 81.2 5.0 13.9 
Powder mounts 
10 86.7 13.3 
12 89.9 10.1 
14 94.1 5.9 


IV. Conclusions 

The procedure for the determination of the percent- 
age of glass in a ceramic body has been described. 
A study of the structure of the body and the changes 
which take place in the body from one firing condition 
to another can be studied best from the polished sec- 
tion. The determination of the percentage of glass 
is reproducible by either method and by independent 
investigators. 
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FACTORS AFFECTING THE DEGREE OF HOMOGENEITY OF GLASS* 


By F. V. TOOLEY AND R. L. TIEDE 


ABSTRACT 


The rate of homogenizing of soda-lime-silica glass under conditions of minimum con 
vection mixing and in the absence of refractory materials was measured by the centrifuge 


density spread technique developed by Turnbull and Ghering. 
melts prepared in pure platinum containers at 


Measurements on 


2550°F. showed that the density spread 


decreases rapidly during the first 16 hours of melting following which further decrease 


occurs at a much slower rate. 


The portion of glass responsible for the major part of 


the density spread was a light fraction, which tended to form or accumulate at the surfac« 


of the melt 


|. Introduction 

Methods of glass preparation vary considerably and 
the degree of homogeneity achieved is a reflection of 
the complete past history of preparation of the glass. 
The major facturs involved would certainly include (1) 
temperature, (2) time, (3) batch formulation or com- 
bination of raw materials employed, (4) degree of uni- 
formity of mixing, (5) segregating tendency in con- 
veying and melting, (6) nature and degree of convec- 
tion and mechanical stirring, and (7) physicochemical 
relations in the batch-glass—refractory system. 

Turnbull! and Turnbull and Ghering? have intro- 
duced recently a method affording a quantitative in- 
dex of homogeneity. The method has been applied for 
the general purpose of forming a conception of the 
relative significance of the foregoing factors involved 
in glass homogeneity. This initial work is concerned 
with the rate at which a common soda-lime-silica glass 
increases in homogeneity when melting takes place 
in the absence of refractory and where minimum con- 
vection mixing occurs. Under these conditions, the 
homogenizing process is chiefly that of simple diffusion 
aided by no mechanical stitring, a minimum of 
convection stirring, and uncomplicated by the presence 
of foreign bodies. 


ll. Method and Apparatus for Measurement of 
Homogeneity 

The apparatus and method used for 
homogeneity were essentially those described by Turn 
bull and Ghering. The apparatus consists of a cen- 
trifuge provided with a stroboscopic attachment and 
so designed that the temperature of the head may be 
regulated to within +0.02°C. between 20° and 50°C. 
by circulating water from a thermostat through it. 
The sample to be tested is crushed, screened, degassed, 
and finally suspended in an organic liquid of approxi 
mately the same density in a small rubber-stoppered 
test tube; it is then centnfuged. The glass particles 
can be made either to float or to sink by regulating 
the temperature, which in turn regulates the density 


measuring 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 20, 1943 
(Glass Division). Received May 3, 1943. 

1J. C. Turnbull, ‘Separation of Inhomogeneities in 
Bottle Glass by Density Differences,’’ Jour. Amer. Ceram. 
Soc., 24 [2] 37-48 (1941). 

2J. C. Turnbull and L. G. Ghering, ‘‘Cord Analysis,” 
ibid., 24 [8] 264—70 (1941). 


of the suspending liquid. The change in temperature 
(temperature spread) of the liquid required to settle 
out all particles or to move them to the top of the 
sample tube corresponds to the “density spread”’ of 
the glass, which is related, except under certain un 
likely circumstances, to the degree of homogeneity of 
the glass. The process may be observed by means 
of a mechanically timed 
and the results are expressed in an integral curve. A 
general view of the homogeneity apparatus is given 
in Fig. 1. 


stroboscopic attachment 


Fic. 1.—View of homogeneity apparatus and auxiliary 
equipment employed in determination of density spread 
from left to right are shown the sample and liquid out 
gassing equipment, the thermostatically controlled water 
bath for controlling temperature of the circulating water, 
and the housing of the centrifuge head 
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The following modifications of Turnbull's apparatus 
and method were employed: 

(1) The centrifuge head was belt driven at 2400 
r.p.m. by a constant speed motor. 

(2) The use of tubes instead of flat plates for win- 
dows in the centrifuge head made the latter light in 
weight and easy to machine (Fig. 2). The glass 
baffles, moreover, caused all the water from the thermo- 
stat to pass the complete length of the tubes and return 
to a point near the inlet before leaving the head, thus 
insuring close temperature control of the sample. 

(3) The sample was crushed and screened to 160- to 
200-mesh size for a determination. This proved to 
be the finest material that operated satisfactorily on 
the basis of the independent movement of separate 
particles; it was apparent also that a small range in 
particle size was advantageous in this respect. 

(4) A test run in the centrifuge was started at a 
temperature high enough to force all of the sample to 
the bottom of the tube; the temperature was then 
lowered by increments, after which the amount of glass 
that had risen to the top was estimated. This pro- 
cedure saves time because the temperature of the 
water in the thermostat can be lowered more rapidly 
than it can be raised and the material at the top of the 
tube is easier to see and estimate; this method is also 
less troublesome because glass particles forced out of 
the liquid at low temperature sometimes stick to- 
gether when they are forced back into the liquid. 

Results were plotted in the form of a curve of tem- 
perature versus percentage of glass on top; the curve 
indicates the amount and nature of the inhomogeneous 
fractions of the sample. Because it was difficult to 
estimate the amounts closer than 1%, the first defi- 
nitely visible layer of glass to settle to the top was 
defined as 19%; 99% was taken at that point at which 
there still remained a barely visible amount of glass 
not yet settled to the top of the tube. The density 
spread is therefore defined in this laboratory as the 
temperature range between the poimts on the curve 
corresponding to 1 and 99% of the glass. A spread of 
1°C. represents a density difference of 0.00187 gm. per 
cc. of the particles being measured. This value was 
determined by noting the temperature difference be- 
tween the points at which fragments of two different 
glasses of known densities were caused to float or 
sink in the liquid. 


lll. Experimental Procedure 

As indicated in the introduction, the object was 
to determine the rate of increase of homogeneity of a 
common soda-lime-silica glass under conditions in 
which the process of diffusion mixing was aided by no 
mechanical and a minimum of convection mixing and 
was not complicated by the presence of foreign bodies. 

The theoretical composition employed was SiQ, 
73.0%, NasO 17.0%, and CaO 10.0%; the batch was 
compounded from commercial potter's flint (95%, 
200-mesh), calcium carbonate (Diamond Alkali Non- 
Fer-Al), (95%, 200-mesh), and sodium carbonate 
(Baker and Adamson c.p. powdered). 

A batch of approximately 1400 gm. was mixed im a 
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Fic. 2.—General detail of centrifuge head for homogene 
ity apparatus. 


small Simpson intensive mixer for twenty minutes 
following which 60- to 62-gm. portions were imme 
diately weighed out from the mixer pan and trans 
ferred to glass jars. The complete contents of one jar 
were used for each melt. All melts were made in pure 
platinum crucibles (diameter, bottom 17/s in., top 2! 
in., height 3 in.) in an electric resistance furnace at 
1400°C. (2552°F.). The crucibles were covered dur- 
ing melting to minimize volatilization. The melting 
times were 1, 2, 4, 7'/s, 16, 32, and 64 hours. All 
melts were clear and seed free. After their removal, 
the samples were annealed in an electric muffle furnace 
set at 621°C. (1150°F.) where they were left for one 
hour. The muffle was turned off and allowed to cool 
slowly. This procedure assured similar heat-treatment 
for all samples, a factor which sometimes affects the 
observed homo,;eneity spread of a glass. The samples 
were then cracked from the crucibles, crushed in a steel 
mortar, and screened. About 10 gm. of 160- to 200- 
mesh material was obtained, which was washed in 
absolute methyl alcohol, dried, and portions of this 
material were used for the homogeneity determination. 

The powdered glasses were then prepared for centri- 
fuging as follows: Approximately 1-gm. portions were 
placed in centrifuge tubes and degassed in a vacuum 
furnace at 400°C. for three hours under the full vacuum 
produced by a Cenco Hyvac pump. The tubes were 
then removed and cooled in a desiccator. About 3 ml. 
of a mixture of isopropyl salicylate and tetrabromo- 
ethane were added. This mixture had previously been 
made up of such composition that a large particle of 
the glass to be tested would just begin to sink in it 
at 38°C., and it had been refluxed under vacuum at 
100°C. to remove traces of water. The tubes con 
taining the glass and liquid were evacuated at 100°C. 
to remove gas and traces of water that might have 
been picked up in filling the tube. The tubes were 
then stoppered hot and centrifuged as previously 
described. Four samples were run at a time. 

IV. Experimental Results and Discussion 

The experimental results of the investigation are 
shown graphically in Figs. 3, 4, and 5. Figure 3 
shows density distribution curves for a series of glasses 
melted according to the foregoing procedure for the 
indicated periods. Each curve represents a run on a 
separate melt. On the basis of earlier experience with 
duplicate samples of other glasses, it was found that 
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Fic. 4.—Density spread as function of melting time; 


data same as those of Fig. 3. 


the shape of the curve could be reproduced almost 
exactly and that the variation in density spread 
rarely exceeded 0.5°C. The indicated values for 
density spread are therefore subject to this same degree 
of variation. A tendency is noted for differences be- 
tween duplicate runs to increase with increase in melt- 
ing time; this behavior is probably a reflection of the 
limitations in observing an absolutely constant melt- 
ing environment over the longer periods of time. The 
close agreement on the shorter melts does not permit 
a consistent explanation of this observation in terms of 


time 7'/, hr 


differences in duplicate samples of batch, either as 
to composition, grain-size distribution, or degree of 
mixing. The reader is cautioned that the compara- 
tive densities of the glasses cannot be determined from 
these curves because of probable small differences in den- 
sity of the suspending medium used in successive tests. 
These density variations were of no particular con- 
cern during the experimental work since the purpose 
of the test was to obtain the density spread as a func- 
tion of time and not to measure density as such. 

Ficure 4 presents the same data as shown in Fig. 3, 
but replotted to show more clearly the density spread 
as a function of melting time. The rate of decrease 
of density spread (corresponding to increase in homo- 
geneitv) is observed to be very high up to the region 
of 8 to 16 hours of melting time, after which further de- 
crease takes place slowly. An extrapolation of the 
curve would indicate that optical homogeneity corre- 
sponding to less than 0.5°C. spread would not occur in 
less than approximately 150 hours (assuming no 
volatilization) and conceivably could exceed this time 
considerably. It is reasonable to suppose also that 
at some time apparently greater than 64 hours, the 
curve of Fig. 4 would flatten out, representing a stage 
of approximate equilibrium between the homogenizing 
tendency resulting from diffusion and the dehomogeniz- 
ing tendency resulting from surface volatilization. 


Vol. 27, No. 2 


—| | 


Factors Affecting Degree of Homogeneity of Glass 45 


> 


Referring again to Fig. 3, the fraction of glass re- 
sponsible for the greatest temperature spread is ob- 
served to be a fraction of density lower than that of 
the bulk of the glass, corresponding to a higher silica 
glass. Some information bearing on the origin of 
the lower density portion was afforded by a study of 
its distribution in the glass melt. Two additional 
melts were made (following the foregoing outlined 
procedure), representing two melting times of 4'/, and 
7'/, hours. After annealing and cooling by the stand- 
ard procedure, the glass was removed, as nearly as 
possible in large pieces, and separated into two por- 
tions by sawing with a diamond saw, the one portion 
representing the top half of the glass from the crucible, 
the other, the bottom half. Density-spread determina 
tions were made on each of the two portions from each 
melt with the results indicated in Fig. 5. The top 
glass apparently accounts for the major part of the total 
spread for the glass, whereas the bottom glass exhibits 
considerably less spread than that shown by the total 
glass from the 64-hour melts. These data afford some 
perspective on the matter of concentration of a higher- 
silica, lower-density fraction of glass at the surface of 
a melt, a state contributed to by (1) the tendency for 
silica particles to migrate to the surface during melt- 
ing (by the buovant effect of surfaee bubbles), (2) 
surface volatilization, and (3) the tendency under the 
influence of gravity for the less dense fractions of an 
inhomogeneous melt to seek the surface. 

It is appropriate to describe one other experiment 
that led to the choice of raw materials employed in 
the preparation of the melts. It was the original 
intention of the writers to employ ordinary coarse- 
grade raw materials in the work, that is, raw materials 
of the order of 100% passing 20-mesh and less than 20 
to 25% passing a 100-mesh screen. In the case of 
several glasses made up from raw materials in this 
general size range, it was found that even after 16 
hours of melting time the resultant glass was too in- 
homogeneous to permit measurement within the 30°C. 
spread permitted by the apparatus 

Figure 4 shows that during the first 16 hours of 
melting time the density spread dropped roughly 
9°C. and during the next 48 hours, only 3° to 6°C. 
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Turnbull reported the range of “scarcely more than 
0° to about 3°” as density spreads characteristic of a 
number of commercial bottle glasses measured by him 
This comparison indicates that the temperature 
time, and convection mixing characteristics of < 
tank operation, in comparison with the experimental 
conditions observed herein, are very effective in 
increasing homogeneity, especially when a dehomo- 
genizing tendency caused by the refractories is also 
present in the tank operation. 

In the interpretation of the results herein presented, 
it is well to remember that generalizations must be 
approached and formulated with caution if they are to 
increase understanding rather than to mislead. This 
care must be exercised in the present case in bridging 
the gap between the laboratory experiment, in which 
a selected set of variables is fairly well controlled, and 
the actual production operation, in which the perti 
nent variables are not easy to control and in some 
cases are unknown and unappreciated in their relation 
to some final finished glass property. The data given 
here are preliminary in character and at the present 
time are subject to but a limited interpretation 


V. Summary 

(1) In the absence of any furnace refractory and 
under conditions of minimum convection mixing, a 
soda-lime-silica glass increased in homogeneity rapidly 
during the first 16 hours of melting (drop of 9°C. in 
density spread) and at a much slower rate with addi- 
tional melting time (drop of 5° to 6°C. in density 
spread from the sixteenth to the sixty-fourth hour). 

(2) The portion of glass responsible for the major 
part of the density spread was lower in density than 
the parent glass corresponding to a glass higher in 
silica. This fraction was found to be concentrated in 
the top half of the melt in the case of each of the two 
melts on which such a determination was made, 
indicating the tendency for silica to concentrate at 
the surface during melting. 
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EFFECT OF COMPOSITION AND TEMPERATURE ON SOLUBILITY OF IRON 
OXIDE IN GROUND-COAT ENAMEL GLASS* 


By A. I. ANDREWS AND HOWARD R. SwiIF1 


ABSTRACT 


The solubility of iron oxide in ground-coat enamel glasses at various temperatures 
was studied by adding varying amounts of ferric oxide to the milled enamel and giving 
the mixture a heat-treatment to acquire uniformity without devitrification at the desired 


temperature. 


curve for iron oxide versus index of refraction. 
with variations in Na,O, B,O;, Al,O;, CaFs, CaO, Fs, 
Data are given on a number of commercial 


1400°, 1600°, 1800°, and 2000°F. 
SiO., CoO, NiO, MnO», BaO, and 


frits. 


|. Introduction 

In the heating-up period during the firing of sheet- 
steel ground-coat enamels, a considerable amount of iron 
oxide is formed at the interface between the enamel 
and iron. Much of this oxide layer is dissolved 
by the enamel glass during the later stages of firing. 
The present investigation was undertaken to deter- 
mine the effect of enamel composition on its ability to 
dissolve iron oxide. Such information is desirable 
because the copperheading tendency of enamels is 
influenced by their ability to hold iron oxide in solution 
and most studies on enamel adherence to steel have 
indicated that the iron oxide is an important factor. 


ll. Review of Literature 

In view of the magnitude of the copperheading prob- 
lem in commercial enameling, it is somewhat surprising 
that so few data are available on ferric oxide solubility 
in enamels. The need for such data has been ex- 
pressed by Kautz! and Lord,* but studies on solubility 
have been mentioned only in two articles, one of which 
is unpublished. 

In a study of copperheading, Canfield* points out 
that boric oxide apparently increases the iron oxide 
solubility of ground-coat enamels to an appreciable 
extent. He used small buttons of the enamel to study 
the fusibility; these buttons, however, were not heated 
for very long. It would be expected therefore that 
equilibrium conditions would not be attained and that 
the viscosity effect on solution would be quite great. 

Haessler* used the first appearance of crystals on 


* Presented at the Forty-Fourth Annual Meeting, The 
American Ceramic Society, Cincinnati, Ohio, April 21, 
1942 (Enamel Division). Received May 10, 19438;  re- 
vised copy received October 12, 1943. 

Based on a thesis submitted by Howard R. Swift in 
partial fulfillment of the requirements for the degree of 
Master of Science in Ceramics, University of Illinois, 
June, 1942. 

1 Karl Kautz, ‘Discussion on Lord’s 
Amer. Ceram. Soc., 20 [4] 115-20 (1937). 

2J. O. Lord, ‘‘Critical Analysis of Some Statements 
and Experiments on Adherence of Sheet-Steel Ground 
Coats,” ibid., pp. 111-14. 

3 J. J. Canfield, ‘‘Copperheading in Enamel, Causes and 
Methods of Prevention,’”’ Ceram. Ind., 24 [6] 362-66 
(1935); Better Enameling, 6 [5] 12-14 (1935); Ceram. 
Abs., 14 [8] 182 (1935). 
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The iron oxide solubility was obtained by finding the breaking point in the 


The frit solubilities were obtained at 


cooling as a measurement of ferric oxide solubility, 
and he concluded that sodium, nickel, cobalt, manga- 
nese oxides, and fluorspar have little effect on ferric 
oxide solubility. An increase of boric oxide, however, 
increased the solubility, and an increase of alumina de 
creased the solubility. On re-examination of Haessler's 
samples, it was found that the technique he used to 
determine the first appearance of crystals was not al 
ways reliable because very small crystals were not de- 
tected and errors resulted from devitrification and 
nonuniformity of the melts. 


lll. Development of Procedure 

In the preliminary part of this investigation, a 
suitable procedure was developed vy which the solu 
bility of iron oxide could be measured. Because it 
has been shown previously that increase~ of iron oxide 
raise the index of refraction of the glass quite sharply,° 
this measurement was also applied to determine the 
solubility. The breaking point in the iron oxide versus 
index of refraction curve should indicate the point 
at which further additions of the oxide do not go into 
solution, that is, the limit of solubility 


(1) Procedure 
The base enamel selected for the preliminary study 
was an average sheet-steel, ground-coat composition 


as given by Andrews® and had the following batch 
composition : 
(%) %o 
Feldspar 30 Soda niter 5 
Borax 30 Fluorspar 6 
Quartz 20 Manganese dioxide 1.5 
Soda ash 7 Cobalt oxide 0.5 
Several 2-kg. batches were smelted at 2000°F., 


quenched in water, and dried. The frit was mixed 
thoroughly and milled to pass a 100-mesh screen to 
insure a uniform supply. Mixtures were prepared by 
*C.G. Haessler, “Solubility of Ferric Oxide in Porcelain 
Enamel Ground Coats.’’ Thesis for the degree of Bachelor 
of Science in Ceramics, University of Illinois, 1938. 

5’ A. I. Andrews and H. R. Swift, ‘“‘Iron Oxide in Enamel 
Glass as Dissolved from Metal Base,’ ’Jour. Amer. Ceram. 
Soc., 25 [May 1, No. 9] 217-22 (1942). 

6A. I. Andrews, Enamels. Twin City Printing Co., 
Champaign, IIl., 1935. 428 pp.; Ceram. Abs., 14 [7] 
158 (1935). 
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combining the ground glass with the proper amounts of 
c.p. ferric oxide by means of a mortar and pestle; 
the mixtures were tabled for greater uniformity and 
placed in fire-clay crucibles of approximately 100-gm. 
capacity. 

The heating was conducted in an electric smelter 
which was controlled by a thermocouple and poten 
tiometer-controller. The crucibles were placed in 
two layers of seven each, and the top and bottom layers 
were separated by a thin porcelain plate. The con- 
trolling thermocouple was placed in contact with one of 
the samples and was checked with another thermocouple 
on every run. 

The solubilities at four temperatures, 1400°, 1600°, 
1800°, and 2000°F., were determined, and a suitable 
time of heat-treatment was developed for each tem 
perature. It was desired that the heat-treatment 
should produce uniform samples which showed no 
devitrification and which contained the equilibrium 
amount of iron oxide in solution when the solubility 
was exceeded. 

The following heat-treatment tests were found to be 
the most satisfactory: 


F. Hr.) 
2000 i/, 
1800 3 
1600 1¢ 
1400 17 


After heat-treatment, the samples were removed 
from the furnace, and the crucibles, with their contents, 
were immediately quenched in water. 

The index of refraction was obtained for 
sample by examining a specimen of the glass from the 
center of the sample under a microscope at a magni 
fication of 350 times. By the use of the central illu- 
mination method, which consists essentially of match 
ing the index with previously calibrated oils, the in 
dices were determined. The oils were calibrated 
against temperature so that, by taking the room tem 
each observation, the accuracy was 


each 


perature with 


increased. 


(2) Data 

When data for the index of refraction are plotted 
against the amounts of ferric oxide added to the 
glasses, results are obtained as shown in Fig. 1. The 
temperature from which each sample was quenched 
is indicated on the diagram. The curve actually 
consists of four superimposed graphs at the different 


BASE COMPOSITION AND Limits OF COMPOSITION 

Base Limits 

%) 
Sodium oxide 15.0 12-19 
Potassium oxide $.3 Unchanged 
Boric oxide 14.0 10-20 
Aluminum oxide 7.0 5-9 
Calcium fluoride 7.3 0-9 
Silicon dioxide 50.0 44-56 
Manganese dioxide 1.9 0-1.9 
Cobalt oxide 0.6 0-1.2 
Nickel oxide 0.0 0-1.0 
Barium oxide 0.0 0-6.0 
Molybdenum oxide 0.0 0-3.0 
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temperatures, and the breaking point in each repre 
sents the solubility at that temperature. The samples 
containing 0, 5, 10, and 15% of ferric were 
quenched at different temperatures, and it was shown 
by experiment that the same base curve could be used 
at each temperature 

Figure 2 indicates the results obtained when the 
solubility at each of the four temperatures was plotted 
against temperature; the curve is practically a straight 
line with a fairly steep slope. 


oxide 


iV. Effect of Variable Composition 
(1) Field of Study 


Because the method of determining ferric oxide 
solubility by the use of the index of refraction was 
shown to be quite reliable, a field of study was laid 
out using frits of varying compositions. The base 
composition and the limits of composition studied 
are shown in Table I. 

The base composition differs but slightly from the 
composition used in the preliminary part of this in- 
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TABLE II 
ENAMEL COMPOSITIONS 
Batch weights (%) Oxide 

< 3 

H 27.8 30.3 21.6 7.38 5.25 5.69 1.50 0.508 150 4.3 7.0 14.0 50.0 7.2 1.9 0.6 
I 26.1 28.5 21.3 10.5 7.5 5.35 1.41 0.478 19.0 4.3 7.0 14.0 500 7.2 1.9 0.6 
J 29.1 31.8 22.7 4.8 3.43 5.98 1.58 0.534 2.0 4.3 7.0 14.0 50.0 7.2 1.9 0.6 
K om F me we va 5.13 5.66 1.47 0.497 2.36 AI(OH)s 15.0 4.3 9.0 14.0 50.0 7.2 1.9 0.6 
I 20.0 30.5 26.9 7.7 5.48 5.74 1.52 0.513 1.44 K:CO; 15.0 43 5.0 14.0 50.0 7.2 1.9 0.6 
M 25.5 39.8 19.9 4.5 3.21 5.24 1.38 0 468 15.0 4.3 7.0 20.0 50.0 7.2 1.9 0.6 
N 29.5 22.9 22.9 9.6 6.87 6.05 1.60 0 540 15.0 4.3 7.0 10.0 50.0 7.2 1.9 O-€ 
oO 26.4 28.9 25.1 7.03 5.02 5.34 1.43 0 485 15.0 43 7.0 14.0 56.0 7.2 1.9 0.6 
P 29.1 31.8 17.7 7.74 5.52 5.97 1.58 0.534 15.0 43 7.0 14.0 440 7.2 1.9 0.6 
Q 27.4 29.9 21.3 7.27 5.18 7.02 1.48 0.502 15.0 43 7.0 14.0 50.0 9.0 1.9 0.6 
' 29.5 32.1 22.9 7.82 5.57 1.59 0.540 15.0 4.3 7.0 14.0 50.0 1.9 0.6 
S 27.6 30.0 21.4 7.32 5.20 5.64 1.49 0.505 0.867 NiO 15.0 4.3 7.0 14.0 50.0 7.2 1.9 06 1.0NiO 
I 27.7 30.3 21.5 7.35 5.22 5.66 1.49 0.872 NiO 150 43 7.0 14.0 50.0 7.2 1.9 1.0 Nio 
I 27.7 30.3 21.5 7.34 5.22 5.66 1.49 1.0 15.0 43 7.0 14.0 50.0 7.2 1.9 1.2 
\ 27.9 30.4 21.7 7.42 5.27 §.71 1.35) 15.0 43 7.0 14.0 50.0 7.2 1.9 
uw 28.4 30.9 22.1 10.9 ».82 1.54 0 520 50 43 7.0 14.0 50.0 7.2 1.9 0.6 
x 26.6 29.0 207 16.4 5.46 1.44 0 487 15.0 4.3 7.0 14.0 50.0 7.2 1.9 0.6 
Y 27.3 29.8 21.3 7.26 5.17 1.48 0.502 7.18 CaCO 15.0 4.3 7.0 14.0 50.0 19 06 5.2CaO 
Z 298 1 307 21.9 7.46 5.31 5.75 0.866 NiO 15.0 4.3 7.0 14.0 50.0 7.2 1.0 NiO 
AJ 27.6 30.1 21.5 5.74 4.08 5.67 5.28 Na:MoO, 15.0 4.3 7.0 14.0 50.0 7.2 3.0 MoeQ,; 
AK 267 29.2 20.8 7.12 5.06 5.48 5.59 BaCOs 15.0 4.3 7.0 14.0 50.0 7.2 6.0 BaO 
vestigation in that the oxide composition is rounded The compositions are arranged approximately in order 


limits of composition, moreover, are 
practically the same as those given by Andrews.° 

In addition to the indicated changes, studies were 
made on the effect of adding the soda entirely as soda 
ash and as soda niter and also on the effect of the re 
moval of fluorspar with a replacement by an equiva- 
lent amount of calcium in the form of lime. The 
batch and oxide compositions are shown in Table II. 

The ferric oxide solubilties of five commercial ground 
coats, which represented both two- and _ three-frit 
combinations, were studied. In addition to these 
samples, four ground coats that were developed in the 
University of Illinois laboratories were studied. The 
compositions of these frits are given by Andrews and 
Cook’ as compositions A-1, A-2, C-1, and C-2. 


slightly; the 


(2) Procedure 

Batches of 2 kg. each of the indicated compositions 
were fritted in crucible smelters. The frit was water- 
quenched, dried, ground to pass a 100-mesh screen, 
and mixed with varying amounts of ferric oxide as 
before. The curve, ferric oxide versus index of refrac 
tion, was obtained for each with the breaking points 
indicating the solubilities at the various temperatures. 


V. Summary of Results 


(1) Statement of Results 

The effect of varying composition on the solubility 
of iron oxide in enamel ground-coat glasses at 1400°, 
1600°, 1800°, and 2000°F. is shown in Figs. 3 and 4. 


7A. I. Andrews and R. L. Cook, Enamel Laboratory 
Manual. Garrard Press, Champaign, IIl., 1941. 64 pp.; 
Ceram. Abs., 21 [1] 7 (1942). 


of decreasing solubility by averaging the solubilities 
for each glass at the three higher temperatures and by 
plotting the results in order of decreasing average. 
The results at 1800° and 2000°F. are quite similar 
and parallel; those at 1600°F. are slightly erratic, and 
the 1400°F. values are very erratic. This variation 
may be expected owing to the nonuniformity of the 
melts and to the trouble encountered because of de- 
vitrification of the melts at the lower temperatures 


(2) Accuracy of Data 


In the results of an investigation such as this, when 
the difference between the values is not large, the 
question immediately arises as to the accuracy of the 
data and the significance of the variations. Some as- 
sumptions were necessary, and it is evident that several 
of these may have caused some error in the data. 

(1) The breaking point in the curve for ferric oxide 
versus index of refraction was assumed to represent 
the solubility of ferric oxide at the indicated tempera- 
ture. There has been some evidence, however, to 
indicate that if this entire curve were accurately plotted 
with many points immediately above the limit of 
solub.lity it would not be strictly horizontal but 
would tend to increase slightly before it levels off. An 
examination of the samples immediately above the 
limit of solubility revealed the presence of a large 
quantity of magnetite, but when the limit of solubility 
was exceeded by 5 to 10% of ferric oxide, the amount 
of hematite continually increased until it was the only 
crystalline phase present. The slight slope would 
therefore indicate that hematite has a higher degree 
of solubility than magnetite, although this trend was 
noticeable only in a few samples. 
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rhe true breaking point may then indicate the solu- 
bility of magnetite. In this investigation, however, 


a modified breaking point was determined by projecting 
the indicated index of the saturated sample to the 
extrapolated curve, ferric oxide versus index of re- 
fraction, and by finding the amount of soluble ferric 
oxide that would produce the indicated index of re- 
fraction. 

(2) The presence of crystalline ferric oxide was as- 
sumed to indicate that the glass was saturated with 
regard to it. This assumption is undoubtedly true 
for the majority of the samples. The heat-treatment 
was selected so that the equilibrium concentrations 
were obtained for the average composition. With a 
slightly more viscous glass, the heating may not have 
been of a sufficient duration to attain uniformity; this 
error, however, is partially compensated for by the 
determination of the maximum index of refraction 
within the samples rather than an average index. 

(3) Another assumption was made, namely, that the 
glass in equilibrium with the iron oxide has the theoret 
ical composition calculated from the original batch. 
This theory is undoubtedly in error because of the solu 
tion of the fritting crucible during the smelting of the 
enamel, volatilization losses, and changes resulting 
from contamination caused by the devitrification of 
the glass at the lower temperatures during long periods 
of heating. When cristobalite was precipitated out, 
as in some of the samples at 1400°F., the silica content 
of the glass was decreased, giving a lower solubility 
than the true values; the precipitation of fluorspar, 
however, would result in a higher solubility than was 
the actual case. It was evident that both of these 
materials often came out of solution at 1400°F., and 
the errors may therefore have been somewhat compen- 
sating. 

(4) The quenching was assumed to be instantane- 
ous. The process was quite rapid because the crucibles 
were plunged into cold water, but a certain amount of 
time was required before the glasses reached a tem- 
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perature at which no further crystallization could take 
place. In some cases, 2000°F., the 
crucible showed a tendency to form a layer of steam 
surrounding it and to remain red hot for a considerable 
length of time. This steam layer was prevented in 
most cases by stirring the crucibles. The net effect 
of slow cooling would be to produce low results, and 
because the difference in index of refraction from the 
center of the crucible to the top surface was small, 
it was assumed that this error was quite low. 

(5) All of the glasses were also assumed to have the 
same temperature within the smelter. The smelter 
was large enough so that twelve of the fourteen samples 
could be placed equidistant from the sides with the 
other two crucibles in the center. Large variations 
could not be found in the results because of unequal 
heating, and this error was concluded to be of minor 
importance. 

If all of the errors resuiting from the foregoing 
suppositions are neglected, there is still a possible error 
in the measurement of the indices of refraction. This 
measurement can be made quite accurately below the 
limit of solubility. Most of the points on the ferric 
oxide versus index of refraction curve fall within 0.002 
unit; if greater care is taken, however, the accuracy 
may be improved to 0.001. 

Above the limit of solubility, measurement of the 
index is somewhat complicated by the presence of large 
quantities of crystalline material, usually magnetite 
and hematite. The measurements are practically 
always within 0.003 unit; a larger difference can usu 
ally be attributed to unequal heat-treatment of the 
samples. An error of 0.003 would result in a 1.25% 
difference in ferric oxide solubility. Check tests 
were much closer than this, however, and the ferric 
oxide solubility is probably well within 1.0% of the 
actual value. The error is greater at lower tempera 
tures owing to other factors already mentioned. 

The method of obtaining solubility bv use of the 
index of refraction has a much higher degree of ac- 


especially at 
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curacy when the limit is approached from above as 
well as from below and when a heat-treatment is de- 
veloped for each glass as in the procedure used. The 
accuracy, in this case, is well within 0.5% as the results 


show. 


VI. Conclusions 


The following conclusions have been drawn from the 
results of this investigation 

(1) The temperature coefficient of solubility is 
quite great and probably plays an important role in the 
formation of copperheads. 

(2) The solubility of ferric oxide in enamel glasses 
is not appreciably affected by changes in the composi- 
tion There is an apparent trend, however, toward 
the following effects: (a) An increase in soda tends to 
increase the solubility slightly; there seems to be little 
difference, however, whether the soda is added entirely 
as soda ash or as soda niter; (6) a decrease in alumina 


Pence and Blount 


tends to increase solubility to a pronounced degree; 
(c) an increase in silica also increases solubility; (d) 
high boric oxide enamels tend to have slightly lowe 
solubility than those with low boric oxide content; 
(e) high fluorspar enamels differ but slightly from the 
base composition in ferric oxide solubility, but if the 
lime content remains constant, a substantial increase 
in ferric oxide solubility occurs when the fluorspar or 
fluorine is removed; (f) an increase in cobalt oxide 
decreases solubility slightly; an increase in nickel 
oxide decreases solubility to a lesser degree; and 
changes in manganese dioxide content have no ap- 
preciable affect on solubility; (g) the addition of molyb 
denum as sodium molybdate to the frit tends to lower 
slightly the solubility of ferric oxide; and (h) barium 
oxide additions increase the solubility of ferric oxide 
to an appreciable degree. 

DEPARTMENT OF CERAMIC ENGINEERING 


UNIVERSITY OF ILLINOIS 
URBANA, ILLINOIS 


VERMICULITE AS A RAW MATERIAL IN CERAMIC MANUFACTURE* 


By F. K. PENCE AND E. B. BLouNtT 


ABSTRACT 


Expanded vermiculite has been studied for use with a low vitrifying plastic clay bond 
to form structural clayware, such as partition tile and bathroom tile, which may carry 
glazed coatings in decorative effects. The advantages of this material are its low ther 
mal conductivity, its relatively high strength as compared to its specific gravity, and the 
ease with which it can be cut and fitted into installations 


1. Introduction 

The unusual properties of vermiculite have been 
noted in deposits located in Montana' and North 
Carolina.? The principal structural uses of expanded 
vermiculite have been as an aggregate in lightweight 
concrete or alone as an insulating material. Because 
this mineral occurs in Llano County, Texas, relatively 
near plants producing structural clay products, the 
possibility was suggested of combining expanded ver- 
miculite with a plastic clay or shale that matures at 
low temperatures to obtain a fired structural unit with 
unusual insulating properties and sufficient load-bear 
ing capacity to admit its use in all but primary walls or 
load-bearing pillars. 

Research was conducted to determine the limits for 
the ratio of expanded vermiculite to suitable clays for 
commercial production. 


ll. The Investigation 
Clays maturing at cones 08 to 04 were used to avoid 
the reduction of the insulating properties of the vermi 


* Presented at the Forty-Fifth Annual Meeting, The 
America: Ceramic Society, Pittsburgh, Pa., April 20, 1943 
(Structural Clay Products Division). Received August 18, 
1943. 

1W. W. Kriegel, ‘““‘Summary of Occurrence, Properties, 
and Uses of Vermiculite at Libby, Montana,’’ Bull. Amer 
Ceram. Soc., 19 [3] 94-97 (1940). 

2 ‘*New Uses for Vermiculite,”’ ibid., 21 [11] 302 (1942) 


culite. Data covering raw and firing properties were 
obtained, and the fired product was tested for com 
pressive strength, thermal conductivity, sound ab 
sorption, density, and water absorption. Glazes were 
applied to the product because of the obvious advantage 
of obtaining an impervious and decorative insulating 
unit with a variety of uses. 

The dust-pressed and the plastic-extrusion methods 
were used to form the product. The air-dried clay was 
ground to minus 20-mesh, and the vermiculite* had 
been previously expanded by a patented process. The 
various proportions of the two materials were then 
measured by volume and were thoroughly mixed and 
ground together through a micropulverizer to com 
plete the blends. 


(1) Dust-Pressed and Plastic Processes 

To the dust-pressed bodies, 6% by weight of water 
was added before passing the mixture through the pul- 
verizer. Tile samples, 12 by 12 by '/2in. and 3 by 3 by 
1/, in. in size, were formed on a hydraulic press using 
1500 Ib. per sq. in. of pressure. These tile, particularly 
the 12- by 12- by '/2-in. size, showed a marked tendency 
toward lamination. A clay to vermiculite ratio of 1 to 8 
by volume was used. 

For the plastic process, a body with a ratio of | part 
of clay to 6 parts of vermiculite by volume was thor 


* Obtained from the Universal Zonolite Insulation Co 
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oughly mixed and ground through a hammer-mill 
pulverizer, pugged, and then extruded through a small 
auger machine with deairing attachment. The addition 
of a small amount of a 1 to 3 castor oil-kerosene mix- 
ture improved the extrusion procedure. The extruded 
mixture was hand-pressed in molds to obtain tile ap- 
proximately 12 by 12 by 1 in. in size. All tile were 
fired at cone O08. 


TABLE I 


COMPARISON OF PROPERTIES OF DuST-PRESSED AND 
PLAstTic BODIES 


Dust-pressed Plastic 
Avg. thickness (in.) 0.593 0.910 
Density (Ib./ft.*) 93.1 43 1 

Conductivity data (°F.) 

Temp. hot side 98.3 114.7 
Temp. cold side 68.4 69.3 
Mean temp 83.4 92.0 
Thermal conductivity * 1.02 1.03 


* Thermal conductivity represents the amount of heat 
in B.t.u. that will flow in 1 hr. through a 1-sq. ft. area when 
the temperature gradient is 1°F. per inch of thickness 
(measurements made by the J. L. Finck Laboratories, New 
York, N. Y.). 


TABLE II 


PHYSICAL PROPERTIES OF EASTLAND CLAY WITH INCREASE 
IN CLAY RaTIO 


Clay- Ap- Com- 

vermicu- Shrinkage (%) parent pressive 
lite ——_——-—~ Absorp- poros- Bulk, strength 
ratio Drying Firing tion ity sp. gr. (Ib./in.*) 
1:8 1.46 1.21 104 74 0.72 621 

1:6 1. 66 1.42 87 70 360.82 682 

1:4 2.38 1.59 65 65 0.95 853 

ee 4.24 1.46 44 55 1.25 2164 


lll. Thermal Conductivity and Sound Absorption 

Because the thermal conductivity values were prac- 
tically the same in each process, the major portion of 
data was obtained on plastic bodies in order to avoid 
difficulties arising from lamination in dust-pressed 
bodies. With proper deairing equipment, however, the 
dust-pressed process may be preferred for certain types 
of products. Table I shows that the insulating values 
obtained by either process are good and that they com- 
pare favorably with those of other insulating and struc 
tural materials.* 

Sound-absorption measurements were made only 
on the plastic-process tile at the National Bureau of 
Standards. The sound absorption at 512 cycles was 
reported to be 0.11. The acoustic property is therefore 
not essentially different from that of an all-clay body 
tile. 


’ (a) American Society of Heating and Ventilating Engi- 
neers Guide, pp. 90-116 (1940). Thermal conductivity, 
expanded clay 2.28, Haydite 2.84, gravel concrete (1:3'/:: 
5'/2) 12.85. 

(6) W. H. McAdams, Heat Transmission, 2d ed., pp 
382-85. McGraw-Hill Book Co., 1942. 459 pp. Ther- 
mal conductivity data converted to basic thickness of 
lin.: asbestos 1.04, cork board 0.30, mineral wool 0.27, 
diatomaceous earth lagging 0.61, common brick 4.8, fire- 
brick 6.96. 


(1944) 


IV. Tests with Various Clays 

The plastic process was used to obtain test pieces 
for additional studies. A clay located near Eastland, 
Texas, which from previous tests appeared to possess 
the required properties of plasticity and maturity 
at cone 06, was used for all studies on the clay-vermic 
ulite ratio. Shale, located near Llano, Texas, in the 
region of the vermiculite deposits, was used as the clay 
ingredient, and a clay from McQueeney, Texas (Fraser 
clay) was used to obtain comparative data on shrink 
age, absorption, specific gravity, and crushing strength 
over the firing range of cones 010 to 04. The Fraser 
clay is the only one now in use in manufacture of struc 
tural products. 

Plastic-process test pieces for succeeding data were 
made by extruding the plastic body through a deairing 
auger machine into rods 1°/, in. in diameter and ap 
proximately 3 in. long. Unless otherwise indicated, all 
firings were made at cone O08. 

For firing range data, it was decided to use the clay 
vermiculite ratio of 1 to 6. The data show, however, 
that for units in which compressive strength is especially 
important, the clay-vermiculite ratio of 1 to 4 or pos 
sibly 1 to 5 would be preferab'e. 

Table III shows a firing range of cones OS to 06 to 
produce a product of fairly uniform density and com- 
pressive strength. The compressive strength of the 
Eastland clay, however, increases rapidly with increase 
of firing temperature. 


(1) Glaze Application 
A cone 08 firing was used for the glaze application 
because a glaze fit that can be obtained at this tem 
perature could doubtless be obtained at the higher cone 
firings. Thermal expansion measurements, however, 
were made before the glazes were applied, and these 
data showed a normal body, which could be easily 
fitted with a glaze. The increase of Eastland clay in 
column (b) of Table IV did not greatly affect the ex 
pansion figures, but it did reduce thermal expansion 
somewhat, which is a change in the direction of glaze 
crazing. Because single firing was used, the glaze 
had to mature at the firing temperature of the body. 
High-lead glazes tended to be absorbed by the porous 
body, and best results were obtained with a f itted glaze 
of the following empirical formula: 
0.375 PbO 
0.221 ZnO 
0.196 Na,O 
0.113 K,O 
0.057 CaO 
0.0388 MgO 


1.43 SiO, 

0.146 TiO, 

0.650 ZrO, 
| 0.337 B,O; 


0.095 Al,Os 
Q 004 ds 


The glaze, even in thin coating, yielded a smooth sur- 
face that could be modified to obtain the desired tex- 
ture or color. A novel glazed and decorated structural 
unit was thus obtained, having low density and low ther 
mal conductivity. 


V. Summary 
(1) Large quantities of vermiculite occur in central 
Texas as well as a number of deposits of low-tempera- 
ture clays that can be used for manufacture of light 
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TABLE III 


Errect oF TEMPERATURE ON CLAY PROPERTIES WITH CLAY-VERMICULITE RATIO oF | TO 6 


Firing shrinkage Absorpti mn 
%) (%) 


Zo 
No (1) (2) 3) (1) (2) (3) 
O10 0.20 0.41 0.20 118 110 92 
O8 1.09 0.95 1.42 102 102 8&7 
06 2.45 0.95 1.49 100 106) 
04 4.15 1.76 3.06 75 98 8I 


Columns: (1) Llano clay; (2) Fraser clay; 


Apparent Compressive strength Bulk specific 
porosity (Ib./in.*) gravity 
(1) (2) (3) (1) (2) (3) (1) (2) (3) 
77. 675 O72 438 610 462 0.64 0.68 0.78 
74 74 70 443 610 682 0.72 0.73 0.82 
74 75 70 579 649 1000 0.73 0.70 0.88 
67 72 68 881 959 1640 0.89 0.74 0.85 


(3) Eastland clay 


TABLE IV 


THERMAI 


Expansion (%) 


Temp. (°C.) (a) (b) 
23.9 0 0 
§1.7 0.014 0.015 
87.8 037 
96.1 045 
124.0 051 
143.5 063 
157 
182 O67 
185 

224 O75 
227 058 
251 O84 
266 069 
279 
298 
299 082 
322 
346 .105 
349 131 
371 145 121 
393 140 
400 
414 175 
445 195 
452 171 
468 213 
484 195 
494 235 
515 218 
518 254 


* Eastland clay and vermiculite bodies: 


weight ceramic products. The firing range for these 
clay-vermiculite bodies is from cones 08 to 04, and a 
ratio of clay to vermiculite of 1 to 6 to 1 to 4 by volume 
gives the best combination of qualities. The product 
can be made by the dust-pressed or plastic processes, 
but the latter method is preferred. 

(2) A structural unit can be produced which has a 
compressive strength of 1000 lb. per sq. in., a thermal 
conductivity of 1.03, and density of 43 Ib. per cu. ft., 
and it can be glazed to give an impervious face with 
varied colorings for decorative effects. 

(3) The glazed or unglazed product will receive nails 
or can be sawed and fitted much the same as wood. It 


EXPANSION DATA ON CLAY-VERMICULITE BobrEes aT CONE O8* 


Expansion (%) 


Temp. (°C.) (a) 
538 0.270 
540 0. 236 
558 285 
564 259 
575 308 
593 311 
596 295 
619 352 
631 326 
646 369 
667 386 
675 
696 405 
708 372 
716 416 
736 389 
741 434 
758 404 
770 451 
776 418 
789 464 
792 427 
804 435 
806 476 
819 485 
S48 504 
850 466 
880 522 
§27 
534 500 


Column (a) 1 to 6 ratio; column (}) 1 to 4 ratio. 


is particularly adaptable for use as backing-up material 
for exterior walls, providing at the same time an in- 
terior finish of glazed tile. It may also be used for 
partition walls or any load-bearing wall where a com 
pression strength of 1000 Ib. per sq. in. will meet speci 
fications. 

(4) Vermiculite is available for ceramic manufacture 
from the standpoint of cost, and it has already found 
wide use in the manufacture of prefabricated light- 
weight concrete. 
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EFFECT OF GLASS ON ALCOHOLIC PRODUCTS STORED IN BOTTLES AT 
ROOM TEMPERATURE FOR THREE YEARS* 


By A. HERMAN AND H. L. Say 


ABSTRACT 


The actual change caused by storing neutral grain spirits, gins, and various whiskies 
in glass bottles supplied by nine manufacturers and in Pyrex-brand glass at room temper- 
ature for three years was determined. The effect of commercial glass on the hydrogen- 
ion concentration of neutral grain spirits is greater than on gins, blended whiskies, and 
whisky, respectively. The hydrogen-ion concentration of these products continues to in- 
crease proportionately with the time they are stored in the commercial glass bottles. 
Neutral grain spirits and gin that were stored in Pyrex-brand glass remained constant 
for one year and increased slightly in hydrogen-ion concentration during the time stud- 
ied. The hydrogen-ion concentration of blended whiskies and whisky remained constant 
when they were stored in Pyrex-brand glass. 
stored in commercial glass bottles showed dissolved silica, magnesium, and aluminum 


under spectrographic tests 


|. Introduction 

Products frequently are kept in glass containers for 
several years before being removed for use. It is there- 
fore important to the users of these containers to know 
the extent to which the glass will affect their products. 
Some users of glass containers set purchase specifica- 
tions on the basis of chemical durability. Although 
most of these specified limits probably were based on 
practical observations, a certain amount of skepticism 
existed concerning their practicality. There are many 
studies relating to the chemical durability of glass, but 
only relatively useful information has been given to 
show the effect of the glass on specific products. In 
their study on commercial glass bottles, Bacon and 
Burch! report that the rate of increase of alkali content 
of the solution depends on the glass composition and 
that distilled water is a measure of the resistance of 
glass to solutions constantly increasing in alkali con 
tent. 

A study of the change in the hydrogen-ion concentra 
tion of neutral grain spirits, gins, blended whiskies, 
and whisky over a definite period of time indicated that 
commercial glass bottles affect these products to vary 
ing degrees. The hvdrogen-ion concentration change of 
the respective products is inversely proportional to the 
chemical durability of the glass expressed in milligrams 
per liter of sodium hydroxide. 

Spectroscopic studies at the end of the third year on 
products stored in commercial glass bottles indicated 
metallic contamination as compared with the photo- 
graph made from the same products stored in Pvrex- 
brand glass. 


ll. Procedure 
The seven alcoholic products used in this study are 
representative of several commercial products (see 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 1943 
Glass Division). Received April 21, 1943. 

' Frank R. Bacon and O. G. Burch, “Effect of Time and 
Temperature on Accelerated Chemical Durability Tests 
Made on Commercial Glass Bottles, II,"’ Jour. Amer 
Ceram. Soc., 24 [1] 29-35 (1941) 


1944) 
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Neutral grain spirits and gins that were 


Table I). The bottles used for the tests were taken from 
the lot used by Herman? in his study of the factors in- 
fluencing autoclave chemical durability of glass. The 
bottles were 8-ounce whisky flasks selected from the 
special lots that were supplied by nine manufacturers 
The chemical durability reported in Table II is repre 
sentative of the bottles used for this study. 

Duplicate bottles, representing each manufacturer, 
were filled to capacity with each of the products listed, 
making a total of 126 test bottles. Quantities of the 
seven products were placed in Pyrex-brand flasks, and 
the test bottles and the flasks were then stored in cases 
at room temperature. 

At regular twelve-month intervals, the test bottles 
and Pyrex-brand flasks were examined and the hydro- 
gen-ion concentration was determined. 

Table III shows summations of the corresponding 
hydrogen-ion concentration values. A Leeds and 
Northrup potentiometer, which was standardized by a 
Coleman buffer (4.1 pH), was used to make the deter- 
minations. Samples of the products which had been 
stored for three years in the commercial and Pyrex 
brand bottles were examined for foreign material by 
means of a Hilger-Barfit-Small quartz spectrograph 
The carbon-arc emission methods commonly used in 
quantitative work were applied. One hundred milli- 
liters of the product to be examined were evaporated 
on a steam bath to one-tenth their volume. One 
drop of the residue was transferred to the carbon elec 
trode and allowed to evaporate at 105°C.; this pro 
cedure was repeated until ten drops had been applied 
The spectroscopic plates, type III F, were supplied by 
the Eastman Kodak Company. 


Table III shows the original hydrogen-ion concentra 
tion of the product studied, the concentration after 
storing in Pyrex-brand glass for one, two, and three 


Discussion 


? A. Herman, “‘Factors Influencing Autoclave Chemical 
Durability Tests of Glass Containers,”” Jour. Amer. Ceram 
Soc., 24 [10] 323-27 (1941 
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TABLE I 
DESCRIPTION OF TEST PRODUCTS USED 
Grain 
neutral 


Proof (%) 


spirits (%) 


No. Type of product Whisky (%) 
Aging (months) 12-47 48-72 18-21 25-30 None 
I Whisky 100 85.6 
II Blended whisky 10 90 85.9 
III Spirits blend 26 48 26 85.9 
IV Blended whisky 16 11.5 72.5 86.8 
V Gin* Vacuum dis- 90.0 
tilled 100 
VI Gin Vacuum dis- 90.0 
tilled 100 
VII Spirits 100 89.0 
* Aged after distillation. 
TABLE II 
REPRODUCIBILITY OF AUTOCLAVE CHEMICAL DURABILITY TESsTS* 
Test No. 
Bottle 1 2 3 4 5 Avg 
Sodium hydroxide (mg./1.) 
A 4.8 6.0 5.2 5.2 5.6 5.4 
B 6.8 6.8 6.8 5.6 6.4 6.5 
8.8 8.8 9.2 10.0 8.8 
D 10.0 8.4 9.6 9.6 10.8 9.7 
E 7.6 9.6 8.8 8.8 10.0 9.0 
F 2.4 14.4 14.4 14.0 16.4 14.3 
G 18.8 17.4 16.8 15.2 18.4 17.3 
H 26.0 22.8 23.6 22.4 233.7 
I 31.6T 30.8t 34.8t 37 .2T 36.0T 34.1f 
* See footnote 2. 
t Indicates flaking. 
- 
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Themical durability (m@g// of Nat 


Fic, 1.—Hydrogen ion increase for one year vs. chemical 
durability of bottles 


years, respectively, and that after storing in commercial 
bottles for the same periods of time. 

The hydrogen-ion concentration of the products 
stored in Pyrex-brand glassware does not differ signifi- 
cantly from that of the original products. The same 
products, however, show various increases in hydrogen- 
ion concentration when stored in commercial glass 
bottles. Bottles which have low chemical durability, 
such as samples G, H, and I, show an increase from 6.11 
to 10.37 of pH. To study the change in hydrogen-ion 


Product 


w 


PH change in 2 
N 


fa) 10 20 30 
Chemical durability (mg//. of NaOH) 
Fic. 2.—Hydrogen ion increase for two years vs. chemical 
durability of bottles. 


concentration of the products compared with the chemi- 
cal durability of the corresponding bottles, Table IV 
was compiled using the data given in Tables II and ITI. 
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Fic. 4.—Progressive increase in hydrogen ion concen 
Fic. 3.—Hydrogen ion increase for three years vs. chemi tration of neutral grain spirits stored in commercial bottles 
cal durability of bottles at room temperature for three years 


Fic. 5.—Emission spectra: top, spectrum A; middle, spectrum B; bottom, spectrum C 


(1944) 
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TABLE III 
HyDROGEN-ION CONCENTRATION OF PRODUCTS STUDIED 
Product No. 
I II III IV Vv VI VII 
Original pH 
4.33 4.28 4.42 4.35 4.39 6.45 6.11 
Pyrex-brand flasks (pH) 
Vr. 
1 4.27 4.21 4.32 4.28 4.33 6.40 6.13 
2 4.29 4.20 4.33 4.28 4.38 7.00 6.04 
3 4.33 4.29 4.45 4.36 4.29 6.98 6.16 
pa. Sample No. (pH) 
bottles Yr. (1) (2) (1) (2) (1) (2) (1) (2) a) = (2) (1) (2) (1) (2) 
1 4.33 4.33 4.21 4.21 4.33 4.32 4.30 4.31 4.60 4.68 6.90 6.90 6.60 6.65 
A 2 4.33 4.33 4.21 4.20 4.34 4.34 4.34 4.33 4.83 4.85 7.54 7.54 7.43 7.46 
— 4.36 4.36 4.39 4.40 4.40 4.40 4.45 4.44 4.89 4.94 7.45 7.45 7.55 7.55 
l 4.30 4.30 4.34 4.33 4.38 4.38 4.37 4.38 4.98 5.00 7.00 6.98 6.50 6.46 
B 2 4.38 4.38 4.33 4.33 4.41 4.41 4.40 4.40 5.19 5.20 7.52 7.39 7.39 7.39 
3  _4.43 4.43 4.37 4.36 4.42 4.42 4.44 4.44 5.39 5.40 8.37 8.35 7.40 7.40 
l 4.28 4.27 4.28 4.30 4.34 4.34 4.34 4.34 5.00 4.97 7.10 7.20 6.88 7.01 
Cc 2 4.33 4.32 4.30 4.30 4.40 4.40 4.36 4.36 5.13 5.13 7.65 7.65 7.90 7.89 
_— 3s 4.42 4.42 4.44 445 4.48 4.48 4.52 4.52 5.30 5.30 7.93 7.91 8.00 8.01 
l 4.31 4.34 4.31 4.31 4.38 4.38 4.34 4.29 4.99 4.94 7.20 7.20 6.90 7.00 
D 2 4.39 4.39 4.30 4.31 4.40 4.40 4.38 4.38 4.94 4.99 7.66 7.66 7.38 7.29 
3 4.40 4.40 4.38 4.36 4.45 4.45 4.55 4.55 5.26 5.26 7.90 7.90 7.6) 7.52 
1 4.30 4.32 4.28 4.27 4.38 4.37 4.40 4.36 5.00 5.01 7.00 7.00 7.10 7.19 
E 2 4.32 4.32 4.31 4.31 4.45 4.40 4.40 4.40 5.17 5.14 7.61 7.60 7.25 7.25 
3 4.40 4.40 4.33 4.33 4.50 4.50 4.50 4.50 5.37 5.35 7.75 7.75 8.26 8.23 
l 4.34 4.32 4.34 4.34 4.43 4.43 4.37 5.43 5.42 7.40 7.42 6.90 7.10 
I 2 4.35 4.33 4.39 4.39 4.46 4.45 4.38 5.56 5.57 7.89 7.89 7.93 7.90 
3 4.37 4.36 4.40 4.43 4.53 4.53 4.47 5.67 5.66 8.10 8.10 8.00 8.00 
l 4.37 4.36 4.42 4.39 4.52 4.52 4.44 4.44 5.33 5.32 7.20 7.40 7.80 8.00 
G 2 4.39 4.39 4.40 4.46 4.60 4.61 4.49 4.49 5.54 5.54 7.85 7.85 8.57 8.57 
3 4.41 4.40 4.48 4.49 4.68 4.70 4.50 4.50 5.79 5.79 8.44 8.36 9.45 9.55 
1 4.39 4.39 4.33 4.33 4.50 4.56 4.41 4.43 5.10 5.06 7.50 7.60 7.90 7.96 
H 2 4.40 4.39 4.30 4.30 4.58 4.56 4.44 4.44 5.29 5.28 8.28 8.28 9.55 9.55 
3 4.48 4.87 4.40 4.40 4.80 4.75 4.50 4.50 5.70 5.70 9.51 9.50 10.06 9.98 
l 1.42 4.48 4.36 4.37 4.73 4.80 4.63 4.59 5.64 5.69 8.60 8.58 8.70 9.40 
I 2 4.51 4.51 4.39 4.39 4.87 4.90 4.67 4.66 6.25 6.25 9.82 9.44 10.16 10.28 
3 4.63 4.63 4.43 4.44 5.12 5.20 4.75 4.75 6.45 6.75 10.00 10.00 10.37 10.28 
TABLE IV 


The actual change in hydrogen-ion concentration for 
any particular product, given the storage period and 
bottle, may be calculated quickly by using the formula, 


a-b=c 


smaller pH value of samples (1) or (2). 


a = 

6b = greatest pH value of original or Pyrex-brand sam- 
ple. 

c¢ = actual change in pH for a specified product. 


Correlated data, such as those found in Table IV, 
were prepared for each successive year and presented 
graphically in Figs. 1, 2, and 3 by plotting the chemical 
durability of the bottles versus the change in hydrogen- 
ion concentration of the product for each consecutive 
year. The line of best fit representing any particular 
product in these figures is defined as the average of the 
experimental data grouped into two parts (Table IV). 
The slope of the lines indicates that neutral grain spirits 
were affected the most, gin next, and whisky the least. 

Figure 4 shows the progressive increase in hydrogen- 
ion concentration of neutral grain spirits stored ia com- 
mercial bottles at room temperature for three years. 
The remaining products follow the general outline 
shown in Fig. 4, differing only in the amount of in- 
crease in hydrogen-ion concentration. 


DATA FROM TABLES II AND III SHowrnG Tota. INCREASE 
IN PH oF Propucts COMPARED TO CHEMICAL 
DURABILITY OF BOTTLES 


Chemical 
durability 
of NaOH 
Bottle (mg./1.) I Il III IV V VI vu 
A 5.4 0.03 0.10 0.0 0.09 0.40 0.45 1.39 
B 6.5 0.10 0.07 0.0 0.08 1.00 1.35 1.24 
. 8.8 0.09 0.15 0.03 0.16 0.91 0.91 1.84 
D 9.7 0.07 0.07 0.0 0.19 0.87 0.90 1.35 
E 9.0 0.07 0.04 0.05 0.14 0.96 0.75 2.07 
Avg. 7.8 0.09 0.08 0.02 0.13 0.82 0.87 1.58 
F 14.3 0.03 0.11 0.08 0.11 1.27 1.10 1.84 
G 17.3 0.07 0.18 0.23 0.14 1.40 1.36 3.29 
H 23.7 0.15 0.11 0.30 0.14 1.31 2.50 3.82 
I 34.1 0.30 0.14 0.67 0.39 2.06 3.00 4.12 
Avg. 22.3 0.13 0.13 0.32 0.19 1.51 1.99 3.27 


After studying the trend of this investigation, it was 
decided to examine the products for metallic contamina- 
tion. Spectroscopic plates were made from products 
I, III, VI, and VII. On each of the spectroscopic 


plates presented there were three emission spectra; (a) 
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represents the carbon arc, (5) represents the product 
stored in Pyrex-brand glass, and (c) represents the 
product stored in commercial bottles. No difference 
could be noticed in the intensity of the lines of pictures 
which represent product I from bottles A and H. 

In pictures of product III, bottle A, little if any dif- 
ference could be noticed, but in the picture of the same 
product in bottle I, Fig 5, spectrum C there is a notice- 
able difference at a wave length of about 2795°, which 
in this case probably shows magnesium. 

In pictures of product VII from bottles A and I, the 
wave lengths of the principal lines in the emission of the 
elements in this group of spectra are 2499 and 2505. 
These lines increase persistently and probably represent 
silicon. Lines at wave lengths 2795 and 3090 which in- 
creased persistently indicate the probable presence of 
magnesium and aluminum. 


| 


IV. Conclusions 

(1) Alcoholic products such as those studied in this 
paper show no definite increase in pH when stored in 
Pyrex-brand glass for three years. 

(2) The hydrogen-ion concentration change of the 
products studied when stored in commercial bottles is 
inversely proportional to the chemical durability of the 
glass, which is expressed in milligrams per liter of sodium 
hydroxide. 

(3) The spectrographic study indicated various de- 
grees of metallic contamination as compared with the 
photograph made from the same product stored in 
Pyrex-brand glass. 

(4) The study as a whole shows definitely the im- 
portance of the chemical durability of glass used for 
storing alcoholic products. 


Josern E. Seacram & Sons, INcoRPORATED 
SeVENTH Street Roap 
LovIsvIL_e, Kentucky 


AGING THERMOMETERS* 


By NELSON W. TAYLOR AND BRADFORD NOYES, JR. 


ABSTRACT 


During the long-time aging of thermometers at constant temperature, the change in 
readings of a fixed point, such as the ice point, normally follows an exponential law, 
y=a(l—e~™). Methods are described for the evaluation of the total expected change, 
a, of the relaxation time, 1/m, and of the half-life period, H = 0.693/m. Examples 
are given and calculations are made of the expected change remaining after any aging 
time, ?t. It is believed that the exponential law is due primarily to bulb shrinkage under 
the influence of a single molecular mechanism in the glass. Some examples are presented 
of anomalous behavior, such as reversals in the direction of change. This phenomenon 


is shown to be a general one in glass, and an interpretation is given in terms of several 
molecular processes which operate at one time but with different characteristic rates. 
An expression is derived for the calculation of change of density in glass, based on experi- 
ments ir which the glass is in the form of a thermometer. The methods of mathemati- 
cal analysis described in this paper are useful for evaluating the effects of accelerated 


aging treatments on glass. 


|. Joule's Equation 

A large amount of work was done in the late nine- 
teenth century to discover the best means of heat- 
treating optical glasses so as to produce physical and 
chemical homogeneity in the product. The amount of 
work on thermometer glass has been much less and 
only an offshot of the optical glass investigations. 

Joule, an English physicist, well known for his work 
on the mechanical equivalent of heat, the Joule-Thom- 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 20, 
1943 (Glass Division). Received March 31, 1943;  re- 
vised copy received September 7, 1943. 

The data presented in this paper are the result of a 
joint research conducted by Dr. Taylor at the Pennsyl- 
vania State College (now with the Minnesota Mining and 
Mfg. Cu., St. Paul, Minn.) and Dr. Noyes at the Taylor 
Instrument Companies, Rochester, N. Y. (now with the 
Faichney Instrument Corp., Watertown, N. Y.). The 
experimental work was performed by Noyes and the 
mathematical treatment and interpretation by Taylor. 
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son effect, and other discoveries, observed and re- 
corded the drift in ice-point readings of several ther- 
mometers over a period of forty-five vears. He found! 
the change to obey equation (1). 


y = 13.94 — 9.51e7t/6.3 (1) 


t = time (years). 
y = arbitrary divisions marked on stem, 


(This equation represents an exponential rate of change.) 


The present authors have obtained similar results in 
many cases, and an analysis of these results is pre 
sented in this paper. 

In 1906, Dickinson? completed a careful study of the 
effects of heat-treatment on thermometers; he stated, 
“For every temperature there seems to be a definite 


1 J. P. Joule, Sci. Papers, 1, 358 (1884). 

2H. C. Dickinson, ‘‘Heat-Treatment of High-Tem- 
perature Mercurial Thermometers,"’ Bur. Standards Sci 
Paper, No. 32, 36 pp. (April 15, 1906). 
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equilibrium condition which a sample of glass tends to 
assume more or less rapidly depending on the tem- 
perature, the previous history of the sample, and its 
chemical composition.’’ This effect, of course, is to be 
expected in accordance with the principles of chemical 
equilibrium. 


ll. Annealing and Aging 

The authors in the present paper regard annealing 
as removal of strain, which is visible in the polariscope, 
but they wish to emphasize the fact that the glass may 
continue to change in its properties for a long time 
thereafter. This slow ct nge is called aging. Figure 
1 shows that the index of retraction of a borosilicate 
thermometer bulb changes in proportion to the change 
in thermometer reading resulting from the aging treat 
ment. The observed indices were 1.49943, 1.50385, 
and 1.50450, respectively. 

Most workers in glass have been less interested in 
aging than in the removal of strain as indicated bv the 
optical birefringence. The classic work is that by 
Adams and Williamson,’ who found that after an initial 
period of change which they did not interpret the 
reciprocal of the stress varied linearly with time (equa 
tion (2)). 


1 if —_ 1 fo = Al (2) 
f = stress at time ¢. 
fo = stress at time zero. . 
A = “annealing constant.”’ 


The differential equation for this relation, —df/ft = 
Af?, requires that the rate of stress decrease be pro 
portional to the second power of stress itself; this 
equation, when first proposed, was based entirely on 
experimental results and was presented without any 
theoretical support. Taylor‘ later analyzed a set of 
data on birefringence which Morey had obtained on 
Pyrex-brand chemically resistant glass and showed 
that the Adams-Williamson equation corresponded to a 
chemical polymerization or association process operat 
ing as a bimolecular reaction in the glass. It appeared 
that relatively small complex silicate ions were uniting 
to form larger groups. He also showed that, parallel 
with this process, there were a number of ‘‘spontaneous”’ 
relaxations, each of which followed an exponential 
decay law analogous to that observed by Joule. Taylor 
was able to give a plausible mathematical and physico 
chemical treatment of the whole data. Without going 
into details, it may be stated that the production of a 
stabilized glass, for example, in a well and properly 
aged thermometer, requires a much higher quality of 
heat-treatment than does the removal of optical strains 
as indicated by birefringence. 

In 1883, Weber® published the results of an in 
vestigation of the effect of chemical composition on the 
depression constant, which is the difference between 

*L. H. Adams and E. D. Williamson, ‘Annealing 
of Glass,”’ Jour. Franklin Inst., 190, 597-631 (1920). 

* N. W. Taylor, of Annealing of Glass, Quantita- 
tive Treatment and Theoretical Interpretation,’’ Jour. 
Amer. Ceram. Soc., 21 [3] 85-89 (1938). 

5 R. Weber, “Uber den Einfluss der Zusammensetzung 
des Glases auf die Veranderungen des Nullpunkts,”’ Ber 
preuss. Akad. Wiss., 13, 1233 (1883). 
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CHANGE iv INDEX OF REFRACTION (x10") 


Fic. 1.—Relation between change in re- 
fractive index of borosilicate bulb glass and 
change in thermometer reading resulting from 
aging of bulb. 


the ice-point reading of a thermometer taken immedi- 
ately after use at 100°C. and that taken after holding 
for a time in pure ice water. He concluded that the 
chemical composition had a marked effect on the 
depression constant, that the softer kinds of glass were 
unsuitable for thermometers, and that the best results 
were obtained with a pure potassium glass containing 
large percentages of silicon and calcium oxides. Wiebe* 
showed that the depression constant is greatest when 
equal percentages of Na,O and K,0O are present in the 
glass, that it is nearly the same regardless of which is pres- 
ent in the greater quantity if the ratio of one to the other 
is numerically the same, and that it is least when only 
KO is present. The other constituents seem to have 
only a small effect on the depression constant. The 
present-day interpretation of these results would em- 
phasize the difference in ionic radius of Na and K, 
their difference in coordination number for oxygen 
(Na 6, K 8-10), and the resulting difficulty of a mixed 
soda-potash glass in reaching a maximum packing 
(minimum volume) in a short time. 


lil. Experimental Program 

Following the publication of Dickinson's report,’ 
the Taylor Instrument Companies undertook various 
experiments on aging, at first sporadically and later 
in a more systematic way. A special bath was de- 
signed for the work, one which was simple and in- 
expensive. It consisted of a thermally insulated glass 
jar about 10 in. deep and 8 in. in diameter with a heat 
ing coil at the bottom. Artificial circulation was un- 
necessary for the degree of accuracy required. The 
temperature was controlled by an electric contact 
thermometer, the circuit for which was developed by 
Noyes.’ Thermometers under test were supported in 


6 (a) H. F. Wiebe, ‘“‘Uber die Herstellung von Normal- 
glas fiir Thermometer,”’ Z. Instrumentenk., 6, 167 (1886). 

(b) H. Hovestadt, Jena Glass and Its Scientific and 
Industrial Applications (tr. by J. D. and A. Everett). 
Macmillan Co., London, 1902. 

7 Bradford Noyes, ‘‘Circuit for Temperature Controls,” 
Science, 93, 286-88 (1941). 
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Fic. 3.—Semilogarithmic plot of aging 
change (a~—y) versus aging time at 625°F 


the bath and were removed periodically for certification 
at the ice point. The main object of the study was to 
determine the effect of various accelerated aging 
schedules which the thermometers had received prior to 
the actual long-time, constant-temperature tests. 

Preliminary experimentation had shown that the 
change in reading in many cases appeared to follow an 
exponential law, being relatively fast at first and 
gradually dying away as time passed. This behavior 
had also been observed by Joule.' The results may 
be expressed by equation (3). 


y =ai(l ) 3) 
y = observed change at time / 
m = a rate constant 
a = total amount of change occurring in infinite time. 
IV. Evaluation of Total Possible Change in 


Thermometer Reading 
When the changes in °F. in the readings of a fixed 
point, such as the ice point, are plotted against time, 
a curve results such as that shown in Fig. 2. This 
curve is a satisfactory representation of the data but 
does not permit easy or accurate extrapolation to 
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longer times. It usually is desirable to know what 
would be the ultimate total change after a very long 
time at constant temperature, but it is also desirable to 
obtain this information if possible by relatively short 
time tests. Various accelerated aging treatments, 
that 1s, special cooling schedules, have different effects 
on the ultimate change and on the characteristic rate 
of change. The broken line marked a in Fig. 2 repre 
sents the ultimate amount of the change. One simple 
way of evaluating a is based on the property of an ex 
ponential process that the rate at any time / is propor 
tional to the distance of the process from equilibrium, 
dx/dt = —kx. For example, the rate of radioactive 
decay at any moment is proportional to the amount of 
radioactive material existing at that time. In terms of 
Fig. 2, the ratio (a — y,)/S; = (a — ye)/S2, where S;, 
and S, are the slopes of the y-t curve corresponding to 
values of y, and y2. This yields equation (4). 

go 1) 

Si — Ss 

Because S, and S; can easily be measured on an actual 
plot of y versus ¢ at any points corresponding to arbi 
trarily chosen values of y, and ys, the value of a may be 
readily obtained. The advantage of this method is 
that it is quick and easy. The only disadvantage, 
namely, that the result depends on the precision of the 
two selected y values themselves, may be obviated by 
the selection of a number of pairs of y values and by 
averaging the resulting a values to get the most repre 
sentative result. Once a has been found, the data may 
be plotted in the form, log (a — y) vs.¢. A straight line 
will result if the process is really exponential and if 
the correct value of a has been found. 


V. Evaluation of Characteristic Rate of Change: 
Relaxation Time and Half-Life Period 


Figure 3 is a plot of log (a — y) vs. t, using other data 
than that of Fig. 2. The slope of the line is m/2.303 


based on equation (5). 
y=a(l —e™) (5) 


The significance of m is that it is arate constant meas 
uring the characteristic rate of change of the ther 
mometer readings. The quantity 1/m is defined as 
the relaxation time, namely, the time needed to reduce 
the possible change a to a/e. Because e is the base 
of natural logarithms, 1/e is 1/2.718 or roughly 40%. 

It may be more acceptable to some readers, by anal 
ogy with radioactive think in 
terms of a half-life period, which is the time required 
for the thermometer readings to show one half of their 
ultimate or possible change. The relation between the 
rate constant m and the half-life period // is given by the 


decay processes, to 


expression = ae~™" or 1/2 m4 therefore, 
log, 1/2 = —mH, or H = 0.693/m. In Fig. 3, the 


half-life period is 2400 hours, and the ultimate change 


is 5.3°. The relaxation time is 3460 hours. 


Vi. Characteristics of Certain Thermometers 
Table I gives the temperature of test, the duration of 
the test, the half-life period, /7, and the total possible 
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Anomalous behavior of certain thermometers; 
aging change versus aging time at 625°F. 
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change, a, for a number of different thermometers 
which have been under test. These results are typical 
of several different types of thermometers and of dif- 
ferent aging treatments. 


TABLE I 
AGING CHARACTERISTICS OF CERTAIN THERMOMETERS 
AFTER SPECIAL HEAT- TREATMENTS 

Ther- Test Test Half-life Ultimate 
mometer temp. duration period, H change, 
index (°F. (hr.) (hr.) a (°F.) 

No 

19 212 1100 200 0.125 
20 212 900 190 0.118 
22A 750 90 36 12.0 
22B 750 800 365 6.4 
23 935 180 38 43.0 

24 913 110 23 36.0 
25 923 280 72 8.5 
26 62: 1000 260 0.95 
27 625 5000 2400 5.3 
301 212 2000 1550 0.32 
302 212 4000 1800 0.24 
326 212 1600 600 0.084 
329 212 2000 940 0.098 
335 212 2000 560 0.200 
21 Room 21 (months) 6.75 (months) 0.10 
28 625 28 6 13.0 


In the manufacture of thermometers, an instrument 
is presented for accelerated aging in an unknown aged 
condition which depends on the treatment the glass has 
received during manufacture. 

The problem of accelerated aging is to put the 
thermometer in such a condition that little further 
change will occur if the thermometer fs held at one 
temperature. An infinite time is obviously required 
for perfect aging. How long a time will be needed to 
obtain approximately equilibrium conditions can be 
answered by a few illustrations. 

Example (1): How long a time will be needed until 
the expected change has fallen to '/» of the ultimate 
value. Since '/3, equals ('/2)°, the time will be 5 X 
H, where // is the half-life period. In the case of ther- 
mometer No. 19, listed in Table I, this time would be 
5 X 200 or 1000 hours and the remaining change would 
amount to '/3. & 0.125, which is 0.004 °F. 
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Fic. 5.—Reversals in direction of change shown by certain 
thermometers; aging change versus aging time 


Example (2): In the case of thermometer No. 22A, 
the ultimate change at 750°F. is 12.0°. How long will 
be needed to age this instrument so that there will 
remain only 0.5° prospective change? Since 0.5/12.0 
equals '/, and '/2 equals ('/2)* 8, the time needed is 
4.58 & H, which is 4.58 K 36 hours. The time ¢ may 
also be calculated by means of the general equation 


2.303 1 
y = a(l — e~™) because ¢ = —— log (- ) 
m y 


These examples are probably sufficient to illustrate 
the utility of the foregoing treatment of the aging proc- 
ess in which the data can be represented by a single 
exponential relation. 


Vil. Reversals and Other Complex Effects 


The drift in the readings of a fixed point, such as the 
ice point, does not always follow the simple exponential 
law which has been described and illustrated in the 
preceding paragraphs. At times, the readings remain 
nearly constant for a period and then begin to change. 
The change in some cases follows the normal course for 
some time, after which a new cycle begins with rate 
characteristics different from the first part. Figure 4 
is an illustration of this latter phenomenon. The 
readings in other cases may actually decrease at first and 
then begin to rise in the normal manner (Fig. 5 is an 
example of this effect). These anomalies become some 
what less mysterious when it is recalled that glass 
often behaves as if it had a memory, that is, as if it were 
still being influenced by past stresses. A number of 
examples of this type have been described by Taylor.* 
If a glass condenser is charged electrically in one direc- 
tion and then in the other with different potentials and 
for different times, the discharge current will flow first 
in one direction and then in the other. Hopkinson, 
a brilliant English physicist and electrical engineer of 
the late nineteenth century, gave much study to this 
problem and concluded that “‘it seems safe to infer that 
the effects on a dielectric of past and present electric 


8’ N. W. Taylor, ‘Elastic Aftereffects and Dielectric 
Absorption in Glass,’”’ Jour. Applied Physics, 12 (10) 
753-58 (1941); Ceram. Abs., 21 [4] 79 (1942). 


Vol. 27, No. 2 


| 
| | | } | 
+t +s } op —} 4 
|| | 
rT 
+ = 
HUNDREDS OF HOURS 
| 


Aging Thermometers 61 


CHANGE * F 


400 600 1200 1600 2000 

Hours AGING 
Fic. 6.—Semilogarithmic plot showing effect 


of independent molecular mechanisms on aging 
of glass thermometer. 


forces are superposable."’ Taylor has shown that in 
many cases the total elastic adjustment of a glass under 
a given load may be represented as the sum of several 
terms of the type = (1 — This equation 
could mean that there are several sizes of complex sili 
cate ions or possibly several types or grades of bond 
strength which can respond independently and with 
different rates to applied stress. It is possible for one 
of these to work against another, which would bring 
about a reversal when the faster acting process came to 
an end before the oppositely acting slower process did. 
In cases where the simple exponential law gives ade 
quate representation of the observations, it is fair to as 
sume that one single molecular or ionic process is 
dominating in the structural rearrangements in the 
glass. On the other hand, when a reversal or another 
anomalous behavior appears, the reason lies in the com 
plex character of the bonding of the ionic network 
Glass is brittle when struck suddenly but relatively 
firm and strong when subjected to a gradually increased 
pressure. Failure occurs in the first instance because 
the relaxations of the various complex ions or the vari 
ous bond mechanisms are not sufficiently rapid. At 
higher temperatures, however, they are rapid and the 
glass is no longer brittle. Details in the interpreta 
tion of Figs. 4 and 5 will not be given but it may be 
stated that in each case the thermometers had an un 
usual thermal history. 

Evidence for more than one molecular mechanism 
being responsible for bulb shrinkage is shown in Fig. 6, 
which covers a test period of 2000 hours on thermometer 
No. 301 at 212°F. The logarithmic plot is seen to 
have two segments with a break or transition after 
about 250 hours. The later data correspond to a 
half-life period of 1550 hours and an ultimate change 
of 0.32°F. The earlier data give a curve of much 
steeper slope, indicating a much more rapidly acting 
process at first. These phenomena have been observed 
in a number of thermometers. 

Another effect has been found when thermometers 
are studied at temperatures approaching the softening 
point of the bulb glass. This effect bears a superficial 
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relation to that just described but actually is due to a 
different cause. Table I gives data on thermometers 
of the index Nos. 24 and 25. These are really the same 
thermometer, tested first at 913° and later at 923°F. 
The half-life period at 913° was 23 hours. If the 
same molecular mechanism were operating at 923°, 
the half-life period would be shorter, following the usual 
rule that rise in temperature induces a more rapid 
reaction. The half-life period at 923°, on the contrary, 
is found to be 72 hours, which means that the glass 
bulb is not shrinking so rapidly as expected. The 
most probable interpretation of this slower rate at the 
higher temperature is that the 150 Ib. per sq. in. pres- 
sure of the nitrogen gas sealed up in the capillary of the 
thermometer is, at the higher temperature, beginning 
to expand the bulb. This expansion, owing to the 
vielding of the softening glass, works against and 
partly compensates the normal shrinkage which is the 
characteristic process at lower temperatures. The net 
shrinkage rate is thus less than normal. Before these 
quantitative rate calculations were made, it was be 
lieved that a borosilicate glass could be used safely at 
or near 923°F. because aging at this temperature still 
resulted in shrinkage. For many years these ther- 
mometers were, in fact, scaled at 950°F. It is known 
now that even 923° is too high and that the true aging 
effect is greater than the 923° data would indicate. 

Glass appears to possess a host of possible molecular 
mechanisms, some called into action at higher tem- 
peratures and others at low and some by stresses of 
short duration and others by more prolonged stresses. 
These aspects of glass give this type of material a great 
fascination, but at the same time they can cause a lot of 
trouble to the technologist and the engineer. 


Vill. Thermometer Arrangement as a Device for 
Studying Changes in Density of Glass 

Because of the large bulb capacity and the small 
capillary diameter, the thermometer is like a McLeod 
gauge in being a very sensitive instrument, as shown by 
the results presented here. The writers believe that 
it could be used to study aging effects in glasses of many 
kinds by preparing them in the form of bulb and at 
tached capillary. Direct or indirect measurements of 
length have an advantage in that they are easier to 
interpret than more complex properties, such as bire 
fringence, when they are applied to problems of glass 
structure. In view of possible interest in the thermo 
meter method, the simple theory is given as follows 

Let a solid sphere of glass of radius 7; and density 
o, Change its density to p, owing to structural changes 
within the glass. If p: > »;, the sphere will contract to 
rs, where re/r,; = (p:/p2)"*. If the sphere is a hollow 
shell of external radius, 7,, and wall thickness, dr, 
a change in density from p,; to p2: will produce the same 
proportional changes as before, (equation (6)). 

= dre/dr, = (pi/p2)"/s (6) 


rhe hollow sphere, in other words, acts as if it were a 
part of the solid sphere or as if it were filled with glass 
of the same kina. The corresponding changes in the 
volume capacity of the hollow sphere or bulb are given 


by = Similar arguments apply regard 
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less of the shape of the bulb, provided the shape does 
not change during contraction. The rise, 4, of mercury 
or other liquid in a uniform capillary at constant tem- 
perature is therefore a measure of the change im the 
density of the glass of the bulb, assuming that the 
capillary cross-section area, A, remains constant (equa- 


be Vi Ve = (7) 
A A 

By similar reasoning, the error introduced by neglect- 
ing the shrinkage of the glass of the capillary is shown 
to be negligibly small. The rise, 4, can be as large as 
desired by choosing a large bulb with a small capillary, 
and the effect of density change can therefore be greatly 
magnified. 

It is of interest that English and Turner® measured 
the coefficients of thermal expansion of a number of 
glasses at temperatures below 100°C. by a similar 
dilatometric method. Each glass under test was in the 
form of a bulb which was filled with mercury, the 
precise expansion of which was already known. The 


bulb volume ranged from 10 to 25 ce. 


tion, (7)). 


*S. English and W. E. S. Turner, ‘“‘Heat Expansion of 
Soda-Lime Glasses,’’ Jour. Soc. Glass Tech., 3, 238-42 
(1919) 
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IX. Summary 

During the long-time aging of thermometers at con- 
stant temperature, the change in readings of a fixed 
point, such as the ice point, normally follows an ex- 
ponential law, y=a(1 — e~™). Methods are described 
for the evaluation of the total expected change, a, and 
of the relaxation time, 1/m, and of the half-life period, 
H = 0.693/m. Examples are given, and calculations 
are made of the expected change remaining after any 
aging time, ¢. It is believed that the exponential law 
is due primarily to bulb shrinkage under the influence 
of a single molecular mechanism in the glass. 

Some examples are presented of anomalous behavior, 
such as reversals in the direction of change. This 
phenomenon is shown to be a general one in glass, and 
an interpretation is given in terms of several molecu- 
lar processes which operate at one time but with dif 
ferent characteristic rates. 

An expression is derived for the calculation of change 
of density in glass, based on experiments in which the 
glass is in the form of a thermometer. 

The methods of mathematical analysis described in 
this paper are useful for evaluating the effects of acceler 
ated aging treatments on glass 
DePaRTMENT OF CERAMICS 
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PRACTICAL PRODUCTION OF ONE-FIRE LUSTER GLAZED POTTERY* 


By Forrest BURNHAM AND CHARLES M. HARDER 


ABSTRACT 


Various metals in small quantities, singly and in various combinations, were ground 


in lead and leadless glazes. 


It was found that various colored lusters, transparent and 


opaque, could be reproduced under a fair degree of control in an ordinary downdraft 


gas-fired sagger kiln, which was fired from cones 010 to 1. 


After cooling to a dull red 


heat, the glazes were given a short reduction firing. Standard decorative processes were 


used with the luster glazes. 
oxides 


|. Introduction 

A ceramic luster is produced by superimposing a thin 
metallic film over the surface of a glass. The most com- 
mon methods employed for this process are as follows: 

(1) “Superficial luster,’’ a standard practice in over- 
glaze decoration, may be obtained by mixing metallic 
compounds with a suitable organic reducing medium 
and applying them to the surface of the glazed ware, 
which is then fired oxidizing at a low temperature; 
and (2) hard luster may be produced by adding metallic 
colorants directly to the glaze batch, and the desired 
reflection and color quality may be obtained by atmos- 
phere and temperature control. 


ll. Historical References 
The discovery and use of ceramic luster is of Near 
East origin and dates from about the seventh century. 


* Presented at the Forty-Fifth Annual Meeting, The 
American Ceramic Society, Pittsburgh, Pa., April 21, 1943 
(Art Division). Received April 21, 1943. 


Additional colors were produced by adding stains and metal 


Acid-resistant luster glazes were developed. 


The art appeared in Europe about the time of the cru- 
sades and was developed to a high degree of perfection 
by the potters of the Italian Renaissance. Outstanding 
examples of this ware were produced by Maestro Giorgio 
of Gubbio, who acquired lasting fame by the brilliance, 
depth, color quality, and permanence of his luster 
glazes. 

The theory of producing both hard and soft lusters 
has been discussed by Piccolpasso,' Hainbach,? Hecht,’ 
and others. Most of the available information relates 
to the soft or “‘on-glaze”’ luster, which lacks permanence 
and depth but is more consistent in performance and 
combines easily with regular overglaze practice. De- 


1 C. Piccolpasso, Potters Art (tr. and introd. by Bernard 
Rackham and Albert van de Put). Victoria and Albert 
Museum, London, 1934. 85 pp.; Ceram. Abs., 13 [9] 
230 (1934). 

2 R. Hainbach, Pottery Decorating. 
and Son, London, 1907. 

3H. Hecht, Textbook on Ceramics, p. 262. 
Schwarzenberg, Berlin, 1923. 
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spite technical difficulties, the subject of hard luster 
glazes has always tempted the ceramic artist. 


Ill. Object 

rhe present series of experiments includes (1) a study 
of the relative importance of the various factors con- 
trolling the development of hard luster glazes, which 
were assumed to be the same as those involved in all 
ceramic procedure, namely (a) strength of colorant, (6) 
dispersion and stability, (c) method and thickness of 
application, (d) glaze composition, and (e) firing factors 
such as rate, atmosphere, and temperature; (2) the 
establishment of a reliable control over transparency ; 
and (3) the production of acid- and wear-resistant 
effects. 


IV. Preparation and Materials 

The firing was arbitrarily limited from cones 010 to 
1. Lead, leadless, and lead borosilicate glazes were 
selected, and the molecular formulas are indicated in 
Table I. 

The metallic colorants were copper, bismuth, and 
silver introduced in amounts ranging from 0.5 to 14%. 
Copper was used in two forms, namely, as copper sulfate 
and as the mineral bornite (approximately CusFeS,); 
bismuth, in the form of bismuth subnitrate; and silver, 
in the forms of silver carbonate, silver nitrate, and silver 
chloride. These metallic colorants were used in various 
combinations. A check on the effect of solubility was 
made by precipitating the soluble colorants in the glaze 
before application. Little difference in color effect was 
observed after firing between the precipitated and the 
unprecipitated colorant. 

The clay bodies were a white earthenware bisque at 
cone 6 and a red earthenware maturing at cone 1. 

Firing was conducted in a downdraft, 20-sagger kiln 
with natural gas as fuel and with 1 Ib. of pressure at 
atmosphere pressure. The kiln was equipped with a 
draw-type damper ai.d was so constructed that the air 
ports and wicket could be tightly sealed during the 
time of reduction. The volume of fuel was controlled 
by various sizes of adjustable nozzles. The atmosphere 
was controlled by the usual method of regulating the 
air intake at the burner and by the manipulation of the 
draw damper. The natural gas used for fuel consisted 
principally of methane (CH,) and ethane (C;H,). The 
products of complete combustion were CO, and H,O, 
and those of incomplete combustion were CO, Hb, 
CO., H,O, CH,O, and C. The exact proportion of these 
various products at the temperature reached was not 
definitely established, but the CO content varied from 


1.2 to 2% 


V. Procedure 

The metallic colorants were ball-milled with the glaze 
batch in the usual way, and the glazes were applied by 
spraying in varying thicknesses on bisque white earthen 
ware and raw and bisque red earthenware. 

Two types of settings were tried but, in the early 
stages of the experiment, the open setting was aban- 
doned in favor of a semimuffle arrangement consisting 
of punched tile saggers. This setting offered advan- 
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tages in the elimination of kiln dirt and in the preven- 
tion of reoxidation of the glazes. The ware was placed 
carefully at a level in the kiln which insured a maximum 
contact with the incoming flames. 

By means of draw trials, two firing schedules were 
selected as most satisfactory for the purpose of this 
experiment. (1) An exidizing fire was used to the ma 
turing temperature of the glaze, and the kiln was then 
sealed and allowed to cool to 700°C. The kiln was 
relighted, with the damper and air ports closed, and 
fired with a strongly reducing atmosphere from 25 to 
30 minutes, accompanied by a temperature rise from 50° 
to 70°C. The kiln was cooled to 600°C. and reduced 
for 15 minutes. 

(2) The second schedule used an oxidizing fire to the 
maturing temperature of the glaze, normal cooling to 
600°C., and reducing for 6 minutes. 


TABLE I 


MOLECULAR FORMULAS OF GLAZES 


Glaze No 
1 2 3 4 5 

PbO 0.874 0.54 0. 263 
CaO 0.35 0.18 0.507 0.69 
K.O 0.10 0.082 
Na,O 0.126 0.588 0.228 0.30 
ZnO 0.15 
Al,O; 0.175 0.178 0.36 0.375 0.43 
0.277 0.81 1.10 
SiO, 2.50 1.53 2.34 2.19 2.80 
Temp. range 010-08 06-04 04-02 04-02 02-1 


(cones) 


VI. Results and Discussion 
The standardization of firing procedure and glaze 
types and the method of application permitted a more 
careful study of other factors. The variation of the 
concentration and dispersion of the color was then ob 
served. 


(1) Strength of Colorant 

Heavy concentrations of color produced opacity, 
heavy metallic effects, and a general darkening of 
color. Low concentrations tended toward greater 
transparency, more brilliant color, and higher luster. 
Silver nitrate in concentrations from 0.5 to 2%) pro- 
duced yellow-to-gray colors. Bismuth subnitrate in 
concentrations from 2 to 8% produced ware from gray 
to-brown colors. When bismuth subnitrate was used 
in combination with silver nitrate, an increase was 1n- 
dicated in reflecting properties and iridescence plus the 
coloring effect of bismuth. Copper produced the usual 
pink-to-red color, and amounts from 1 to 2% gave 
metallic copper effects. Rainbow and ruby effects 
were produced with silver, bismuth, and copper, sepa 
rately and combined. This characteristic in fact is the 
most predominant feature of metallic lusters. Depth 
and richness seem to be influenced by the extent of 
reduction and subsequent reoxidation. A glaze with a 
high boric acid content, as glaze No. 5, yielded mottled 
iridescent, opaque, and pearly lusters. Transparency 
and depth of light penetration were obtained by using 
lead and lead borosilicate glazes. Duplication of results 
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was observed to depend largely on the control of the 
glaze thickness and accurate firing procedure. Al- 
though the characteristic color of silver is yellow in tone, 
the overtone produced by silver luster films seemed to 
have the widest color range. The results, for the most 
part, showed that the average amounts of these metals 
used were silver 1%, bismuth 4%, and copper 1%. 


(2) Firing 

The best results seemed to occur when reduction, 
on cooling, coincided with the softening point of the 
glaze, which was a factor in preventing reoxidation on 
cooling. Strong reduction, followed by a tight seal 
against air, seemed to be essential. Draw trials indi 
cated that luster effects may be developed at a wide 
range in temperature after the glaze has been matured, 
but these effects can be retained on cooling only if re- 
oxidation of the glaze is prevented. When reduction oc- 
curred below the softening point of the glaze, the ef- 
fects were more metallic and lacked durability. Tests 
showed that when low concentrations of metal were 
used it was best to begin reduction at a temperature as 
low as possible and to take special precaution against 
reoxidation. In the glazes used in this experiment, the 
softening point of the previously fired glaze was 14 to 
16 cones lower than the initial maturing point of the 
unfired glaze. 

Evidences of vapor glazing, as discussed by Wat- 
kins,* were noted throughout the experiment. To test 
the extent of the volatilization of metallic colorants, 
a specimen was covered with a clear colorless glaze 
and inclosed in a sagger which contained another 
specimen with a metallic colorant in its glaze. Both 
specimens were lustered. The effects obtained in this 
way seemed to be more pleasing in color and depth 
than those obtained by direct glazing. Color volatili- 
zation under reducing atmosphere seemed to be an 
important factor in glaze color variation and may ac- 
count for the variety of results encountered in previous 
experiments. 


(3) Decorative Techniques 

Startling transformation of color and reflectance 
occurred when luster glazes were applied in moderately 
thin coats over colored bodies, engobes, and under- 
glazes and fired according to the second firing schedule 
described in section V. 

The palette of color possibilities may be broadened 
further by the introduction of small amounts of color- 
ing oxides, such as cobalt, iron, nickel, chrome, and com- 
mercial stains, in conjunction with the metallic color- 
ants. 

When semiopaque and transparent luster glazes were 
used with overglaze and underglaze processes, inter- 


*R. T. Watkins, “Degree to Which Different Glaze 
Compositions Take Vapor Lusters,’’ Jour. Amer. Ceram. 
Soc., 5 [1] 28-37 (1922 


esting results were obtained. Unusual color effects 
were also noted when luster glazes were applied over 
previously fired high-temperature colored mat glazes. 
The same process permits decoration in contrasting 
color and texture. 

Because only a few of the decorative possibilities 
were touched on in this experiment, future experiments 
along this line should offer many interesting results. 

Although the present series of experiments was not 
successful in the exact duplication of colors with existing 
equipment, the progress made in this direction was suf 
ficient to indicate that exact duplication of luster colors 
would be possible if a specially designed kiln were con 
structed or if the problem of reoxidation could be mini 
mized by the introduction of carbon dioxide gas at the 
conclusion of the reduction period. 

Practical commercial production of luster glazes, 
particularly for indoor and outdoor architectural pur 
poses, is not beyond the range of possibility, and ex 
periments with luster metal enamel for architectural 
uses might prove worth while. For the studio potter 
and the producer of artware, novelties, and decorative 
pottery, the possibilities for unusual decorative effects 
are unlimited. The experiments indicate that the range 
of variation in hard luster effects may be controlled 
within the limits necessary for practical production of 
many types of ceramic ware. 


(4) Acid Tests 

Luster glaze effects produced from glazes Nos. 4 and 
5 were given acid tests for tableware decorations as de 
scribed by Koenig and Watts.® These treatments were 
as follows: (a) a 4% acidic acid solution at room tem 
perature immersed for 24 hours; (b) a 3% HCI solution 
at room temperature immersed for 5 hours; and (c) 
a 1% NazCO; solution at boiling temperature immersed 
for 30 minutes. Glaze No. 5 was given an additional 
test of '/; N HNO; at room temperature immersed for 
15 minutes; no change was observed in the quality of 
the luster or in the texture of the glaze 


Vil. Conclusions 

The most important factor seems to be the establish- 
ment of complete reduction and prevention of reoxida 
tion on cooling. If these conditions prevail, luster ef 
fects can be developed at any temperature consistent 
with the glaze composition and stability of the metal 
involved. The factors involving types and thicknesses 
of glazes and the concentration of metal can easily be 
standardized 


New Srate or Ceramics 
ALFRED, New 


’C. J. Koenig and A. S. Watts, ‘Durability of Tatle- 
ware Decorations,”’ ibid., 17 [9] 259-2 (1934) 
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THE AMERICAN CERAMIC SOCIETY TRUSTEES 
AND OFFICERS FOR 1943-1944 


C. E. Bales, Ironton Fire Brick Co., lronton, 

io. 

Vice-President: . H. Fritz, Stupakoff Ceramic & Mfg. 
Co., Latrobe, Pa 

Treasurer: C. Forrest Tefft, The Claycraft Co., 
Columbus, Ohio 


TRUSTEES FROM INDUSTRIAL DIVISIONS* 

Design: C. W. Read, Shenango Pottery Co., New 
Castle, Pa. (1946) 

Enamel: R. L. Fellows, Chicago Vitreous Enamel 
Product Co., Cicero, Ill. (1946) 

Glass; G. W. Morey, Geophysical! Leboratory, 
Washington, D. C. (1944) 

Materials and Equipment: J. E. Eagle, 6306 20th 
Ave., Green Meadows, Hyattsville, Md. (1945) 
Refractories: J.B. Austin, U. S. Steel Corp., Kearny, 

N. J. (1946) 

Structural Clay Products: Frederick Heath, Jr., 
Owens-Corning Fiberglas Corp., Toledo, Ohio 
1945) 

White Wares: F. P. Hall, Onondaga Pottery Co., 
Syracuse, N. Y. (1944) 

Institute of Ceramic Engineers: HH. G. Wolfram, 
Pemco Corp., Baltimore, Md. (1944) 

Ceramic Educational Council: J. W. Whittemore, 
Virginia Polytechnic Institute, Blacksburg, Va. 
(1944) 


* Date of expiration of term of office in parentheses 


DIVISION OFFICERS 
Design 


Chairman: W. A. Weldon, Locke Insulator Corp., 
Baltimore, Md. 

Secretary: Myrtle M. French, Art Institute of 
Chicago, Chicago, Ill 


Enamel 
Chairman: D. G. Bennett, University of Illinois, 
Urbana, Ill. 
Secretary: D. G. Moore, National Bureau of 
Standards, Washington, D. C 


Glass 
Chairman: J. F. Greene, Kimble Glass Co., Vine- 


land, N. J. 
Secretary: S. R. Scholes, N. Y. State College of 
Ceramics, Alfred, N. Y. 


Materials and Equipment 
Chairman: E. M. Rupp, Yancey Cyanite Co., Burns- 
ville, N.C. 
Secretary: J. F. Day, Donald Hagar Ceramic 
Materials, Zanesville, Ohio 


Refractories 
Chairman: C. L. Thompson, Harbison-Walker Re- 


fractories Co., Pittsburgh, Pa 
Secretary: Swain, North American Refrac- 


tories Co., Cleveland, Ohio 


Structural Clay Products 
Chairman: L.R. Whitaker, Carolina Ceramics, Inc., 
Columbia, S. C. 
Secretary: R.L. Stone, Dept. of Ceramic Engineer- 
ing, Univ. of North Carolina, Raleigh, N. C. 


White Wares 
Chairman: J.R. Beam, Universal Sanitary Mfg. Co., 
New Castle, Pa. 
Secretary: J. W. Whittemore, Virginia Polytech- 
nic Institute, Blacksburg, Va. 


OFFICERS OF THE FELLOWS 


Dean: R. B. Sosman, U. S. Steel Corp., Kearny, N. J. 
Associate Dean: Howells Frechette, Bureau of 


Mines, Ottawa, Ontario, Canada. 
Secretary-Treasurer: R. M. King, Ohio State Univer- 
sity, Columbus, Ohio 


Secretary-Editor: R. C. Purdy, 2525 North High St., 
Columbus, Ohio 

Past-President: L. J. Trostel, General Refractories 
Co., Baltimore, Md. 

Past-President: J. T. Littleton, Corning Glass Works, 
Corning, N. 


INSTITUTE OF CERAMIC ENGINEERS 
President: H. B. DuBois, Consolidated Feldspar 
Corp., Trenton, N. J. 
Vice-President: R. F. Sherwood, ype Feldspar & 
Minerals Corp., New York, N. 
Secretary: Karl Schwartzwalder, A fs Spark Plug Co., 
Flint, Mich. 


CERAMIC EDUCATIONAL COUNCIL 
President: R. M. Campbell, N. Y. State College of 
Ceramics, Alfred, N. Y. 
Vice-President: C. M. Dodd, lowa State College, 
Ames, lowa 
Secretary: E. C. Henry, Pennsylvania State College, 
State College, Pa. 


LOCAL SECTIONS 
Baltimore-Washington 
Chairman: D. G. Moore, National Bureau of 
Standards, Washington, D. C. 
Secretary: J. C. Richmond, National Bureau of 
Standards, Washington, D. C 


Central Ohio 
Chairman: H. J. Orlowski, O.S.U. Engr. Expt. 
Sta., Columbus, Ohio 
Secretary: A. C. Jackson, The Claycraft Co., 
Columbus, Ohio 


Chicago 
Chairman: Hugo Filippi, 228 N. LaSalle St., 
Chicago, Ill. 
Secretary: J. J. Svec, Industrial Publications, Inc., 
59 E. VanBuren St., Chicago, Ill. 


Michigan-Northwestern Ohio 
heen: J. F. Quirk, AC Spark Plug Co., Flint, 
ich. 
Secretary: W. V. Blake, Macklin Co., Jackson, 
Mich. 


Northern California 
President: W. \V. Bragdon, California Faience Co., 
Berkeley, Calif. 
Secretary: P. C. Valentine, Del Monte Properties 
Co., San Francisco, Calif. 


Pacific-Northwest 
President: Howard Mansur, Washington Brick & 
Lime Co., Spokane, Wash. 
Secretary: J. A. Pask, Univ. of Washington, 
Seattle, Wash. 


Pittsburgh 
W. C. Rueckel, Koppers Co., Pittsburgh, 
a. 
Secretary J. W. Jordan, Mellon Institute, 
Pittsburgh, Pa. 


Southern California 
Chairman: R. H. Martin, Vernon Kilns, Los Ange- 
les, Calif. 
Secretary: W. O. Brandt, Gladding, McBean & Co., 
Los Angeles, Calif. 


St. Louis 
Chairman: H. H. Hanna, Pittsburgh Plate Glass 


_ Co., Crystal City, Mo. 
Secretary: J. lH. lvery, Hydraulic Press Brick Co., 


St. Louis, Mo. 
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